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INTRODUCTION 

The purpose o f  t h i s  paper i s  t o  summarize recent i n fo rma t ion  from coal  
l i q u e f a c t i o n  s tud ies i n  bench scale as we l l  as i n  i n teg ra ted  process develop- 
ment u n i t s ,  t oge the r  w i t h  t h e  data from new a n a l y t i c a l  techniques which have 
prov ided subs tan t i a l  amounts o f  new in fo rma t ion  on several impor tant  aspects 
o f  coa l  s t r u c t u r e  and coal r e a c t i v i t y .  The r e s u l t s  o f  these s tud ies  reveal  
t h a t  e x i s t i n g  coal models and cu r ren t  empir ica l  t e s t s  f o r  coal r e a c t i v i t y  no 
longer  r e f l e c t  adequately t h e  new knowledge o f  coal s t r u c t u r e  and coal 
r e a c t i v i t y .  

E a r l i e r  approaches t o  d i r e c t  coal l i q u e f a c t i o n  employed h igh -seve r i t y  
operat ing cond i t i ons  o f  pressure, temperature and coa l / so l ven t  s l u r r y  con tac t  
t ime, t o  achieve i n  one reac to r  t h e  h ighest  coal  conversion and d i s t i l l a t e  
y i e l d  poss ib le .  High-sever i ty  thermal processing d i d  not necessa r i l y  l ead  
t o  react ions t h a t  were a l l  des i rab le ,  but  resu l ted  i n  undesi rab le regress ion 
react ions,  such as polymer izat ion,  condensation and an increase i n  t h e  aromatic 
nature o f  t he  i n i t i a l l y - f o r m e d  coal fragments. Although e levated temperatures 
may be necessary f o r  t h e  breakdown o f  the o r i g i n a l  coal s t ruc tu re ,  p reven t i ve  
means, such as a k i n e t i c a l l y  r a p i d  hydrogen t r a n s f e r  from a hydrogen donor 
so l ven t  t o  s t a b i l i z e  the  o v e r a l l  so lvent-coal  adduct, have been employed t o  
m i t i g a t e  the regress ive react ions.  However, because o f  l ack  o f  s u f f i c i e n t  
t rans fe rab le  hydrogen t o  maximize t h e  conversion o f  t h e  aspha l to l s  and 
asphaltenes, which con ta in  h i g h l y  r e a c t i v e  func t i ona l  groups, po lymer izat ion/  
condensation and d e a l k y l a t i o n  reac t i ons  s t i l l  occur, as evidenced by h i g h  
hydrocarbon gas y i e l d .  

DISCUSSION 

The key r o l e  o f  t he  func t i ona l  groups. and i n  p a r t i c u l a r  o f  t h e  phenols, 
i n  promoting and p a r t i c i p a t i n g  i n  polymerizationlcondensation reac t i ons  i s  
we l l  estab l ished (1) .  
groups attached t o  t h e  aromatic s t r u c t u r e  o f  t he  coal and o f  t h e  donor 
so l ven t  i s  t h a t  o f  forming f r e e  r a d i c a l s  a t  h i g h  thermal seve r i t y ,  
competing k i n e t i c a l l y  and t a k i n g  away the a v a i l a b l e  hydrogen d i r e c t e d  t o  
the  condensed aromatic s t r u c t u r e ,  which even tua l l y  goes t o  coke o r  i n s o l u b l e  
organic  matter. 
by crack ing hydrogenated aromatic r i n g s  du r ing  upgrading o f  t h e  coal ex t rac ts ,  
has n o t  been s u f f i c i e n t l y  s tud ied,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e i r  key 
r o l e  i n  coal l i q u e f a c t i o n .  High thermal s e v e r i t y  coa l  l i q u e f a c t i o n  processes, 
which have monopolized bench scale research and scale-up e f f o r t s  from t h e  
e a r l y  German d i scove r ies  t o  t h e  present time. seem t o  have a pronounced 
dependency on coal s t r u c t u r e  somewhat s i m i l a r  t o  those o f  coal g a s i f i c a t i o n  
and combustion, s ince a l l  o f  these are operat ing above the a c t i v a t i o n  energ ies 
of a l l  the major react ions i nvo l ved  and are dominated by an unordered 

But t h e  seemingly impor tant  f u n c t i o n  o f  t h e  a l i p h a t i c  

The f a t e  o f  t he  a l i p h a t i c  groups i n  coals  and those formed 
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re t rogress ive  condensation, c r a c k i n g  and t r a n s a l k y l a t i o n  ar ray  o f  
react ions.  For these and o t h e r  reasons t h e  organic s t ruc tu re  o f  coal  has 
appeared t o  researchers as a h i g h l y  c ross l inked,  amorphous and unreac t ive  
macro-mol ecul  a r  s t r u c t u r e  . 
A more recent approach uses low-sever i ty  coal  l i q u e f a c t i o n  i n  separated 
bu t  i n teg ra ted  stages i n  o rder  t o  op t im ize  the  coal d i s s o l u t i o n  and coal 
ex t rac t  upgrading s teps  ( 2 ) .  
o f  new a n a l y t i c a l  techniques have produced r e s u l t s  which change s u b s t a n t i a l l y  
our approach t o  coal  l i q u e f a c t i o n  techniques, have insp i red  new thoughts i n  
unrave l ing  t h e  complex mechanism o f  d i r e c t  coal  l i q u e f a c t i o n  a t  low- 
seve r i t y  and more i m p o r t a n t l y  g i ve  us a r a d i c a l l y  d i f f e r e n t  p i c t u r e  o f  
t h e  s t r u c t u r e  and r e a c t i v i t y  of coa ls  than has been provided by h igh-sever i ty  
l ique fac t ion ,  g a s i f i c a t i o n  and combustion processes. 

Important new i n f o r m a t i o n  f rom t h i s  new approach includes: 

This emerging technology and the  development 

Low-severity processing forms m o s t l y  r e a c t i v e  low molecular-weight 
fragments. 
are formed i n  t h e  very e a r l y  stages o f  l i q u e f a c t i o n ,  can condense t o  
form s t ruc tu res  s i m i l a r  t o  those produced by h igh-sever i ty  l i q u e f a c t i o n  

Thermally produced coal  e x t r a c t s  c o n t a i n  h igh  l e v e l s  o f  heteroatom 
compounds and a re  " r e f r a c t o r y "  t o  c a t a l y t i c  hydrogenation. 
low-sever i ty  produced e x t r a c t s  a re  low i n  heteroatoms and more e a s i l y  
hydrogenatable, and c o n s i s t e n t l y  y i e l d  exce l l en t  equ i l i b r i um hydrogen 
donor so lvent  (4) .  

Perhaps because o f  t he  occurrence o f  low molecular-weight reac t i ve  coal  
fragments, surrounded by a recyc le  solvent which i s  low i n  heteroatoms 
and r i c h  i n  hydroaromat ics,  t h i s  approach appears t o  be successful i n  
processing both high- and l o w - r e a c t i v i t y  coals, and producing s i m i l a r  
conversions and s i m i l a r  product q u a l i t i e s  from both  types o f  coal ,  
support ing t h e  n o t i o n  t h a t  conversion and product q u a l i t y  i s  less  
dependent on coal  c h a r a c t e r i s t i c s  and more dependent on process 
operat ion than p r e v i o u s l y  be l ieved (4) .  

Proton NMR ana lys is ,  m o d i f i e d  t o  p rov ide  data on d i s t i l l a t e  and non- 
d i s t i l l a t e  f r a c t i o n s ,  served t o  c r e a t e  a working k i n e t i c  model f o r  
coal e x t r a c t  hydroprocessing, t h u s  enabl ing us t o  d i s t i n g u i s h  
c a t a l y t i c  hydrogenat ion from r i n g  opening and p a r t i c u l a r l y  from 
dea lky la t i on  of t h e  h i g h l y  a l k y l a t e d  condensed hydroaomatic compounds 
produced by l o w - s e v e r i t y  l i q u e f a c t i o n ,  and t o  p r e d i c t  so lvent  donor 
q u a l i t y  as we l l  as t h e  y i e l d  s t r u c t u r e  o f  t he  upgraded products (5). 

I f  n o t  p r o p e r i y  quenched, these reac t i ve  fragments, which 

( 3 ) .  

Conversely 

Other important i n f o r m a t i o n  has been obtained by var ious  sources working 
a t  low-sever i ty  process cond i t ions ,  b u t  t h i s  in fo rmat ion  i s  most ly r e l a t e d  
t o  o p e r a b i l i t y  advantages, s ince  processing was t h e  main ob jec t i ve  o f  t h e  
p ro jec ts  involved. 
t o  d i sc lose  a completely d i f f e r e n t  p i c t u r e  of the  re la t i onsh ip  between t h e  
s t r u c t u r e  and r e a c t i v i t y  o f  coals and low-sever i ty  coa l  l i que fac t i on .  

Nevertheless, t h e  l i m i t e d  in fo rmat ion  given here appears 

i 
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We are d i scove r ing  more s i m i l a r i t i e s  i n  coal -der ived products even though 
the re  a re  l a r g e  d i f f e r e n c e s  i n  the  s t r u c t u r e  o f  t he  coals  from which these 
products  are derived. These s i m i l a r i t i e s  become more ev ident  as the  coa l /  
so l ven t  donor s l u r r y  i s  processed a t  c o n t r o l l e d  low-sever i ty  i n  the  
e x t r a c t i o n  as we l l  as i n  t h e  upgrading steps under t h e  cond i t i ons  where 
e q u i l i b r i u m  i s  more c l o s e l y  reached and i n  t h e  presence o f  an aged c a t a l y s t  
w i t h  s teady-state a c t i v i t y .  

It i s  extremely d i f f i c u l t  t o  capture i n  research bench sca le  u n i t s  t h e  
essence o f  t h e  r e s u l t s  produced i n  an i n teg ra ted  continuous process because 
t h e  r a p i d  i n i t i a l  d e a c t i v a t i o n  o f  f r e s h  c a t a l y s t  prov ides cont inuously  
changing cond i t i ons  l ead ing  t o  r a t h e r  confus ing r e s u l t s .  Also, most o f  t he  
key da ta  and bene f i t s ,  i.e., increased coal conversion, enhanced donor q u a l i t y ,  
and increased format ion o f  few major condensed hydroaromatic compounds, are 
obta ined on ly  a f t e r  severa l  cyc les  o f  t h e  i n t e g r a t e d  continuous staged 
operat ion.  A t  process equ i l i b r i um,  benzopyrenes, phenanthrenes and chrysenes 
and t h e i r  h i g h l y  a l k y l a t e d  d e r i v a t i v e s  c o n s t i t u t e  more than 60 percent o f  t he  
t o t a l  product, whether a bituminous o r  a subbituminous coal i s  employed as 
t h e  s t a r t i n g  ma te r ia l  (6). 

R&D COORDINATION 

Current  research e f f o r t s  on coal  l i q u e f a c t i o n  are l ead ing  t o  f u r t h e r  
improvement i n  t h e  understanding o f  t h e  mechanism o f  react ions occu r r i ng  a t  
even lower  temperatures and o v e r a l l  l e s s  severe processing cond i t i ons ,  
revea l i ng  t h a t  coal, aspha l to l s  and asphaltenes are much more r e a c t i v e  
species than p rev ious l y  thought. It can be s ta ted  t h a t  t he re  i s  a t u r n  o f  
events occu r r i ng  i n  d i r e c t  coa l  l i q u e f a c t i o n ,  which from a steady 
evo lu t i ona ry  progress, has r e c e n t l y  become a revo lu t i ona ry  processing approach. 
P re l im ina ry  r e s u l t s  i n d i c a t e  t h a t  t h i s  approach w i l l  p rov ide  a much l a r g e r  
“equa l i ze r ”  e f f e c t  on processing any t ype  o f  coal ,  making i t  even more 
process dependent r a t h e r  than coal t y p e  dependent ( 7 ) .  

On t h e  bas is  o f  t he  above new in format ion,  e v i d e n t l y  t h e r e  i s  an urgent  need 
f o r  in-depth d i scuss ion  between researchers who are dedicated t o  u n r a v e l l i n g  
coal c h a r a c t e r i s t i c s ,  mechanisms and r e a c t i v i t i e s  and those who are devoted 
t o  coal  processing and the  k i n e t i c  aspects o f  t he  reac t i ons  invo lved i n  each 
phase o f  the low-sever i ty  coal  l i q u e f a c t i o n  process. 

Due t o  changing economics, t h e  i n t r o d u c t i o n  o f  new la rge -sca le  coal convers ion 
processes has been postponed and, as a consequence, more t ime  i s  a v a i l a b l e  
f o r  research t o  ga in  fundamental i n s i g h t s  i n t o  coal s t r u c t u r e  and t o  ob ta in  
a b e t t e r  understanding o f  i t s  impact on coal l i q u e f a c t i o n .  

Therefore, t h e  recent  e x c i t i n g  r e s u l t s  obta ined i n  t h e  development o f  an 
emerging technology i n  d i r e c t  coal l i q u e f a c t i o n  should be discussed, 
p o s s i b l y  i n  smal l -sca le symposia, as a supplement t o  t h e  large-scale 
conferences, i .e., ACS, AIChE, Contractors ’  and Coal Science Conferences 
and t h u s  prov ide t h e  oppor tun i t y  f o r  in-depth d iscuss ions and a maximum 
p r o f i t  from exchange o f  knowledge and ideas, and b e t t e r  u t i l i z a t i o n  o f  
research t a l e n t s  and d o l l a r s .  
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Abstract  

Py ro l ys i s  o f  coa ls  i n  the presence o f  hydrogen i s  known t o  enhance l i q u i d  
y i e l d s ,  bu t  t h i s  enhancement i s  o f t e n  accompanied by increases i n  methane make. In 
many instances increased methane y i e l d s  are de t r imen ta l  because o f  t he  amount of 
hydrogen consumed t o  make methane. This paper w i l l  d iscuss the  d iscovery o f  a 
c r i t i c a l  temperature th resho ld  f o r  coal hydropyro lys is ,  below which 1 i t t l e  methane 
i s  formed, and above which s i g n i f i c a n t  methane i s  produced. A simple procedure i s  
described t o  determine t h e  c r i t i c a l  temperature, which i s  d i f f e r e n t  f o r  each coal 
and pressure regime used. 

INTRODUCTION 

Coal has an atomic hydrogen t o  carbon r a t i o  l ess  than un i t y .  To make 
des i rab le  l i q u i d s ,  w i t h  atomic H/C r a t i o s  o f  1.5 t o  2, hydrogen must be added o r  
carbon removed. The l a t t e r  approach invo lves  p y r o l y s i s  o f  t he  coal t o  produce 
l i q u i d s ,  gases and a carbonaceous residue c a l l e d  coke o r  char depending on whether 
t h e  coal became p l a s t i c  du r ing  the  py ro l ys i s .  I n  t h e  past  many researchers have 
t r i e d  t o  increase the  y i e l  l i q u i d s  by per forming the p y r o l y s i s  i n  the  presence 
o f  hydrogen under pressttrefl'{). I n  general,  these researchers obta ined increased 
l i q u i d  and hydrocarbon gas ( C 1  t o  C3) y i e l d s  from such hyd ropy ro l ys i s  methods 
r e l a t i v e  t o  p y r o l y s i s  under i n e r t  atmospheres. These increases came a t  t h e  expense 
of s i g n i f i c a n t  hydrogen uptake, and the  hydrogen repor ted main ly  t o  the  hydrocarbon 
gases. 

I n  our s tud ies o f  coal hydropyro lys is ,  we confirmed the y i e l d  increase 
trends p rev ious l y  observed. While examining the e f f e c t  o f  temperature on the  hydro- 
p y r o l y s i s  reac t i on  we found t h a t  a temperature th resho ld  ex i s t s ,  below which 
increased l i q u i d  y i e l d s  are obta ined wi thout  product ion o f  l a r g e  q u a n t i t i e s  o f  
hydrocarbon gases. D e t a i l s  o f  t h i s  f i n d i n g  are described i n  t h i s  paper. 

EXPERIMENTAL 

Hydropyro lys is  reac t i ons  were c a r r i e d  ou t  i n  a f i x e d  bed apparatus, a 
schematic diagram o f  which i s  shown i n  F igure 1. lhe  620 cc reac to r  was capable o f  
sus ta in ing  pressures o f  up t o  13.3 MPa, and was heated by means o f  a f l u i d i z e d  sand 
bath, which could be ra i sed  and lowered h y d r a u l i c a l l y .  In a t y p i c a l  experiment, 
about 4009 o f  coal was charged i n t o  the hopper above the  reac to r  and pressur ized 
w i t h  e i t h e r  n i t rogen  o r  hydrogen. The reac to r  was placed i n  t h e  f l u i d i z e d  sand bath 
and heated a t  a r a t e  o f  about 4'C/min, w i t h  preheated n i t rogen  o r  hydrogen f l ow ing  
through i t  a t  a r a t e  o f  about 0.4 SCFM a t  a predetermined reac t i on  pressure. A t  an 
approp r ia te  temperature, coal from the hopper was charged t o  t h e  reac to r  by opening 
a b u t t e r f l y  valve, w h i l e  the  heat ing r a t e  was adjusted t o  about Z°C/min. V o l a t i l e  
products were c a r r i e d  out  o f  t he  reac to r  by the  f l ow ing  gas i n t o  a h igh  pressure 
knock out  vessel. A f t e r  reducing gas pressure t o  1 atm i t was passed through a 
cooled low pressure knockout vessel then i n t o  a wet t e s t  meter. Gas samples were 
taken every 10 minutes and analyzed on a Carle GC. A t  t h e  end o f  t h e  experiment, 
t he  sand bath was lowered, t he  reac to r  cooled, and l i q u i d  and char products were 
co l l ec ted .  F igure 2 shows t y p i c a l  temperature p r o f i l e s  f o r  bo th  t h e  sand bath and 
reac to r  du r ing  constant  temperature coal p y r o l y s i s  under n i t rogen,  Reactor 
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temperature drops as coal  i s  added, but r a p i d l y  recovers t o  t h e  temperature o f  t he  
sand bath. 

Determinat ion  o f  t he  c r i t i c a l  temperature th resho ld  was accomplished by 
fo l l ow ing  the  above procedure us ing  hydrogen gas a t  a f low r a t e  o f  0.4 SCFM. Coals 
were addded t o  the  reac to r  a t  a temperature o f  36OOC and heat ing  was cont inued t o  
525OC. I n  F igure  3 the  temperatures o f  the  sand ba th  and the  reac to r  a re  p l o t t e d  
f o r  a t y p i c a l  experiment. We de f ine  the  c r i t i c a l  temperature as the  p o i n t  where the  
exotherm begins. 

RESULTS AN0 OISCUSSION 

Py ro l ys i s  under hydrogen i s  known t o  produce higher y i e l d s  o f  l i q u i d  and 
hydrocarbon gas products r e l a t i v e  t o  p y r o l y s i s  under n i t rogen.  This was v e r i f i e d  
us ing  a subbituminous coal  f o l l ow ing  the  above procedure, a t  a pressure o f  7MPa and 
a constant temperature o f  525OC. I n  the  hydrogen case, an exotherm was noted a f t e r  
3 minutes. F igure  4 shows the  e v o l u t i o n  o f  gases on a cumulat ive bas is  from the  
coal dur ing py ro l ys i s  under n i t rogen  a t  525OC. and F igure  5 shows cumulat ive gas 
e v o l u t i o n  and hydrogen consumption r a t e  f o r  t h e  reac t i on  under 7 MPa o f  hydrogen a t  
525OC. I n  the  n i t rogen  case, l i q u i d  y i e l d  was 10 w t %  (dry coal bas is ) ,  w h i l e  under 
hydrogen, l i q u i d  y i e l d  was 14 wt%. Notably d i f f e r e n t  were t h e  methane y i e l d s  i n  
n i t rogen  and hydrogen, 2 %t% f o r  the  former and almost 15 w t %  f o r  t he  l a t t e r .  From 
F igure  5 it can be seen t h a t  hydrogen consumption r a t e  p a r a l l e l s  methane evo lu t ion ,  
which imp l ies  t h a t  t h e  increased methane y i e l d  i s  due t o  the  some form o f  hydro- 
g a s i f i c a t i o n  o f  t he  coal o r  char. 

To b e t t e r  understand t h i s  observat ion,  t h e  hydropyro lys is  was c a r r i e d  out 
under the  programed temperature cond i t ions  descr ibed above. F igure  3 shows the  
temperature p r o f i l e .  C l e a r l y  an e x o t h e n  occurs a t  about 45 minutes residence t ime 
(temperature o f  about 4 6 5 Y ) .  F igure  6 shows the  gas evo lu t i on  f o r  t h i s  reac t i on  
from which i t  can be seen t h a t  s i g n i f i c a n t  methane evo lu t i on  occurs a t  about the  
same t ime as the  exotherm. We de f ine  the  temperature a t  which the  exotherm appears 
as a c r i t i c a l  temperature threshold.  

As i nd i ca ted  i n  Table 1, the  c r i t i c a l  temperature th resho ld  appears t o  be 
dependent upon hydrogen pressure, decreasing w i t h  inc reas ing  pressure. (hce again 
the  y i e l d  of o i l  i s  r e l a t i v e l y  constant, bu t  t he  methane make i s  d i r e c t l y  re la ted  t o  
hydrogen pressure. 

Table 1 

Onset o f  Exotherm and Methane Y ie ld  Related t o  Hydrogen Pressure 

(370-525'C; 0.4 SCFML 

7.0 9.2 - 1.4 - HYDROGEN PRESSURE, MPa 

EXOTHERM, O C  488 465 437 

YIELDS, W l %  COAL 

METHANE 
c + c 3  
OTLS 
CHAR 

HYDROGEN CONSUMPTION 
( w t %  coa l )  

7.0 11.9 23.0 
2.2 2.4 2.2 

12.8 14.7 14.8 
55.3 44.6 38.0 

2.32 3.76 5.14 
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The e f f e c t  o f  the exotherm on product y i e l d s  and hydrogen consumption was 
determined by c a r r y i n g  out  t he  hyd ropy ro l ys i s  i n  such a way t h a t  the reac t i on  
temperature never exceeded the c r i t i c a l  temperature, which f o r  t h i s  coal a t  these 
reac t i on  condi t ions was 465'C. F igure 7 d i sp lays  the thermal h i s t o r y  of t h i s  
experiment. Several minutes before the  c r i t i c a l  temperature was reached, the  sand 
bath was lowered, thus assur ing t h a t  t he  maximum temperature d i d  not exceed the  c r i -  
t i c a l  temperature. It i s  apparent from the f i g u r e  t h a t  t he  exotherm was completely 
e l im ina ted  i n  t h i s  experiment. F igure 8 shows the gas e v o l u t i o n  w i t h  t ime, and i t  
Can be seen t h a t  methane make i s  low and i n  t h e  same range as t h a t  f o r  p y r o l y s i s  
under n i t rogen.  Table 2 shows a d i r e c t  comparison o f  t he  y i e l d  pa t te rns  from the  
hydropyro lys is  conducted below and above t h e  c r i t i c a l  temperature. 

Table 2 

Higher Temperature Increases Conversion t o  Gas Not O i l .  

(0.4 SCFM; 7MPa H,) 

372-465OC 371-525OC 
YIELDS ( W l %  COAL) 35 M I N  85 M I N  

METHANE 
c + c 3  
OTLS 
CHAR 

HYDRCGEN CCNSUMP TION 
( w t %  c o a l )  

1.4 
1.2 

14.3 
64.5 

11.2 
2.4 

14.7 
44.6 

0.6 3.7 

It i s  obvious from these data t h a t  h igher  p y r o l y s i s  temperatures do i n -  
crease ove ra l l  conversions, but  i t  i s  s t r i k i n g  t h a t  o i l  y i e l d s  change very l i t t l e .  
Most o f  t he  conversion increase i s  mani fested i n  the methane make. The most 
s i g n i f i c a n t  f i n d i n g  from these data i s  t h a t  hydrogen consumption increases s i x  f o l d  
a t  t h e  h igher  temperature wi thout  adding t o  the l i q u i d  y i e l d .  The add i t i ona l  
hydrogen appears t o  be consumed i n  producing methane. 

A l l  o f  the data discussed t o  t h i s  p o i n t  was taken on a subbituminous 
coal. To determine whether the e f f e c t  i s  impor tant  f o r  coals  o f  d i f f e r e n t  rank, the 
hydropyro lys is  was c a r r i e d  out  on a bituminous coal. l h e  data f o r  these experiments 
are summarized i n  Table 3 and compared t o  those from the subbituminous coal .  In 
these experiments t h e  bituminous coal was impregnated w i t h  a concentrated potassium 
hydroxide s o l u t i o n  t o  a i d  i n  prevent ing agglomeration. The t r e a t e d  coal contained 
8.44 w t %  ac id  so lub le  potassium. The c r i t i c a l  temperature f o r  t h i s  coal was 
determined i n  separate experiments t o  be 474OC and the  hyd ropy ro l ys i s  was c a r r i e d  
out below the temperature. It can be seen from Table 3 t h a t  l i q u i d  y i e l d  from the 
bituminous coal increased by about two fo ld  under these hyd ropy ro l ys i s  condi t ions,  
w h i l e  t h e  hydrocarbon gas make i s  on ly  s l i g h t l y  h igher  than t h a t  produced under 
n i t rogen.  Much more work on other  coals  must be done before a f i r m  conclus ion can 
be made regard ing genera l i t y ,  but t h e  data gathered thus f a r  support t h i s  as a 
t e n t a t i v e  concl us i on. 

V i r t u a l l y  noth ing i s  known w i t h  c e r t a i n t y  regard ing t h e  mechanism or  
mechanisms involved i n  t h i s  phenomenon. Che obvious mechanism f o r  methane format ion 
i s  hydrodealky la t ion o f  s ide  chains. I f  d e a l k y l a t i o n  i s  a major  pathway, i t  should 
be poss ib le  t o  observe d i f f e rences  i n  the i n f r a r e d  spect ra o f  hydropyro lys is  chars 
made above and below t h e  c r i t i c a l  temperature. F igure 9a i s  a Four ie r  Transform I R  



Table 3 

C r i t i c a l  Temperature Threshold May be General 

SURB I l l l M  INOUS B I N M  INOUS* 

465 474 CRITICAL TEMP., O C  

LIQUID YIELD (Wn OAF) I N  
H2 
N2 (525’C) 

CHAR ( W l %  DAF) I N  
H2 
N2 (525’C) 

* KCH t r ea ted  

15.5 
11.3 

2.8 
5.6 

61.5 
66.4 

18.7 
9.7 

6.4 
5.0 

58.4 
68.1 

spectrum o f  t h e  char from t h e  hyd ropy ro l ys i s  r e a c t i o n  which produced 11.2 w t X  
methane (Table 2), and F igure 9b i s  t he  d i f f e r e n c e  spectrum between Figure 9a and 
t h a t  o f  the spectrum o f  t h e  char from the  hyd ropy ro l ys i s  reac t i on  which made 1.4 w t l  
methane (Table 2). F igu re  9b does not  i n d i c a t e  s i g n i f i c a n t  d i f f e rences  between the 
two chars. 

Elemental analyses o f  the chars show t h a t  oxygen remaining i n  the chars 
decrease as more methane i s  made. These data are d i sp layed  i n  F igure 10, as methane 
y i e l d  p l o t t e d  against  atomic O/C r a t i o ,  and may i n d i c a t e  t h a t  carbon-oxygen bonds 
are the  s i t e s  most r e a d i l y  a t tacked by hydrogen. 

(Xle se t  o f  mechanisms which app.ear t o  be..consistyjf w i t h  the observat ions 
discussed above are those proposed by Graber and Hu t t i nge r  . They subjected many 
aromatic, a l ky la romat i c  and heteroatom-containing aromatic model compounds t o  hydro- 
p y r o l y s i s  a t  temperatures vary ing between 600-1000°C. Anong t h e i r  conclusions, they 
found t h a t  oxygen i n  aromatic r i ngs  and hydroxyl groups o f  phenol and naphthol 
s t rong ly  enhance the methane y i e l d ,  and t h a t  decarbonylat ion was a key s tep  f o r  both 
type: o f  oxygen Compounds: 

This appears t o  be i ncons is ten t  w i t h  a hyd rodea lky la t i on  hypothesis. 

F 
.: 

Nit rogen con ta in ing  aromat ic  systems a l so  showed a propensi ty  t o  form methane under 
t h e i r  condi t ions.  Analyses of t he  chars described above showed an inve rse  
dependence o f  methane y i e l d  t o  the  atomic N/C r a t i o .  

8 
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CONCLUSIONS 

A c r i t i c a l  temperature th resho ld  e x i s t s  f o r  coal hydropyro lys is ,  above 
which methane forms r a p i d l y '  w i t h  a concomitant increase i n  hydrogen consumption. 
L i q u i d  y i e l d s  are no t  increased above the  c r i t i c a l  temperature. The c r i t i c a l  
temperature threshold may be a general phenomenon, and depends upon coal ,  i.e.. 
bituminous o r  subbituminous coal, hydrogen p a r t i a l  pressure and hydrogen t r e a t  
rate. The chemistry and mechanisms invo lved  i n  the  e f f e c t  are no t  we l l  under- 
stood. P re l im ina ry  r e s u l t s  i n d i c a t e  t h a t  d e a l k y l a t i o n  may not  be a major route t o  
methane formation, and t h a t  the react ions t o  produce methane take  p lace a t  hetero- 
atom s i tes ,  p a r t i c u l a r l y  oxygen and n i t rogen,  i n  the  char. 

This work suggests t h a t  c o n t r o l l i n g  the temperature o f  t he  hydropyro lys is  
below t h a t  o f  the c r i t i c a l  temperature i s  an impor tant  means t o  improve the  u t i l i z a -  
t i o n  of hydrogen, thus improving the e f f i c i e n c y  o f  any hydropyro lys is  process. 
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LOW-TEMPERATURE COAL DEPOLYMERIZATION. 5. CONVERSION OF 
NEW MEXICO AND UTAH HVB COALS TO HYDROCARBON OILS 

J. Shabtai*, T. Skulthai, and I .  Saito** 
Department of Fuels Engineering, Universi ty o f  Utah 

Sa l t  Lake City, Utah 84112 

INTRODUCTION 

The development of various low-temperature coal so lub i l  i za t fon  procedures, 
based on the appl icat ion o f  select ive chemical-catalytic reactions, has been 
reviewed i n  1981 by Wender e t  al. ( L )  Such procedures have recent ly at t racted 
considerable i n te res t  i n  view o f  the obvious advantages of coal l ique fac t ion  under 
mi ld,  subsoftening conditions. I n  the preceding paper o f  these series, we out l ined 
a new approach t o  low-temperature coal depolymerization and 1 iquefact ion which 
involves the appl icat ion o f  three consecutive react ion steps i n  which d i f f e ren t  
types o f  fn te rc lus te r  linkages are subjected t o  p re fe ren t ia l  cleavage ( 2 ) .  The 
procedure, as sumarized i n  Figure 1, conslsts of the fo l lowing sequential steps: 
(1) in te rca la t ion  o f  the coal sample wi th c a t a l y t i c  amounts (3-15X) o f  FeC13 
followed by mi ld  hydrotreatment (HT) o f  the coal-FeCl3 in te rca la te ;  ( 2 )  base- 
catalyzed depolymerization (BCD) of the product from step 1, under super -c r i t i ca l  
conditions; and (3) hydroprocessing (HPR) of the depolymerized product from the two 
preceding steps, using a su l f ided  COW catalyst .  The high e f f i c iency  o f  the overal l  
procedure was demonstrated by the previously reported conversion o f  a Wyodak coal 
sample i n t o  a l i g h t  hydrocarbon o i l  product, containing 57.2 w t %  (o r  53.8 wt% 
calculated on the s ta r t i ng  M4F coal)  of low-boi l ing f rac t ions  (gasoline, kerosene 
and l i g h t  gas o i l ;  b.p. up t o  305"C/760 t o r r ) .  The present paper provides 
addi t ional  examples o f  the appl icat ion of the same procedure, using two higher rank 
coal samples from New Mexico and Utah. 

EXPERIMENTAL 

Materials. Tm, HVB coal samples, one. from Frui t land, San Juan basin (New Mexico) 
re fe r red  below as F(NM) coal, and another from the v i c i n i t y  of Helper (Utah) 
referred below as H ( W  coal, were provided by Amoco O i l  Co. The u l t imate  analysis 
o f  the F(NM) coal sample (FV\F basis) i n  w t %  was C, 78.69; H, 6,OO; N, 1.62; C1, 
0.07; S, 0.96; 0 (d i f f . ) ,  12.66; H/C = 0.909; ash content (dry basis), 11.37; BTU/lb 
(dry basis), 12,691. The ul t imate analysis o f  the H(UT) coal sample i n  w t %  was C, 
81.10; H, 5.97; N, 1.09; C1, 0.03; 5. 0.49; 0 (d i f f . ) ,  11.32; H/C = 0.877; ash 
content (dry basis) 9.91%; BTU/lb (dry basis), 13,111. 

4 The coal samples were grinded and sieved through a 200-mesh standard s i e w  i n  a 
nitrogen-purged glove box, and then stored under ni t rogen i n  a re f r i ge ra to r .  

Catalysts. The ca ta lys t  used i n  the mi ld HT step of the depolymerization procedure 
F i g u r e  1) consisted o f  FeC13, which was in te rca la ted  i n  the powdered coal feed 
using a newly developed procedure (see below). The catalyst-solvent system, used i n  
the subsequent BCD step consisted o f  a 10% alcohol ic a l k a l i  hydroxide solution, 
preferably a methanolic KOH solut ion ( 2 ) .  I n  the f i na l  HPR step the ca ta lys t  used 
was su l f ided  6Co8Mo/y-A1203 prepared by i nc ip ien t  wetness impregnation o f  Ketjen r- 
A1203 w i th  an amnoniacal so lu t ion  of amnonium paramolybdate, followed by 
impregnation with an aqueous Co(NO312 solution. This high Co content ca ta lys t  was 
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found t o  be markedly more act ive fo r  hydrodeoxygenation o f  depolymerized coal 
products and other oxygen-rich synfuels i n  comparison with conventional 3C08MO/y- 
A1203 catalysts ( 3 ) .  

Apparatus and Experimental Procedure. M i ld  Hydrotreatment (HT) Step. Each o f  the 
powdered coal samples was f i r s t  pre-extracted with TW i n a Soxhlet f o r  48 hr, 
y ie ld ing  small amounts o f  solubles, including resins (7.6% from the F(NM) coal, and 
9.2% from the H ( U T )  coal). The pre-extracted coal was then in te rca la ted  w i th  
ca ta l y t i c  amounts (3-158 by w t )  o f  reagent grade FeC13, using the fol lowing 
procedure: 

About 20 g o f  the pre-extracted coal was accurately weighed and placed together 
w i t h  the desired amount o f  FeC13 i n t o  a 100 m l  glass tube, connected t o  a previously 
described impregnation apparatus ( 4 ) .  About 20 ml  o f  acetone was then added to the 
tube and the coal-FeC13-acetone mixture was s t i r r e d  i n  an u l t rason ic  bath at  room 
temperature fo r  1 hr. The excess acetone was d i s t i l l e d  o f f  under a stream o f  
nitrogen and the resu l t i ng  FeCl3-coal in te rca la te  was transferred t o  a porcelain 
dish and dr ied  overnight i n  a vacuum desiccator oven a t  6O0C/O.02 to r r .  

3-4 g port ions o f  the dry in te rca la te  were hydrotreated i n  a special ly designed 
autoclave system described elsewhere ( 2 ) .  Conditions used were: temperature, 250- 
270'C; hydrogen pressure, 1000-1500 psig; react ion time, 1-2 hr. I n  a l l  runs the 
experimental procedure was the  same as previously employed i n  the  m i ld  
hydrotreatment (HT) o f  a Wyodak coal sample ( 2 ) .  The hydrotreated product was 
transferred t o  a Soxhlet and back-extracted w i th  acetone t o  remove the  FeC13 
catalyst .  Recovery o f  the l a t t e r  was essent ia l l y  quant i ta t i ve  (>99.5%) due t o  the 
1 ow hydrotreatment temperature. The extracted product was subsequently extracted 
also with THF t o  recover a small amount (usual ly (10% by w t )  of soluble products 
f r o m  the above HT step. 

Base-Catalyzed Depolymerization (KO) Step. The hydrotreated, FeC13-free coal 
product from the above HT step, i n  admixture w i t h  the above-mentioned small amount 
(40% by w t )  of  solvent-free THF-soluble material. was subjected t o  BCD i n  a 150 m i  
autoclave, using a 10% methanolic K O H  so lu t ion  as depolymerizing agent. I n  a l l  runs 
the amount o f  the hydrotreated coal feed was between 3-4 g, and the KOH 
solut ionlcoal  weight r a t f o  was 1O:l. The weighed coal sample and KOH so lu t ion  were 
charged t o  the autoclave, and the l a t t e r  was purged and then pressurized with 
ni t rogen to an i n i t i a l  pressure o f  1,000 psig. The autoclave was quickly heated 
(lS°C/min) t o  the desired temperature i n  the range o f  250-290°C, a t  which point  
s t i r r i n g  a t  500 rpn was started and continued for 1 hr. With completion o f  the run 
the autoclave was qu ick ly  cooled down with water and depressurized. The product was 
transferred t o  a beaker and ac id i f i ed  with aqueous 2N HC1 solut ion to pH = 2. The 
water-insoluble organic material was separated, thoroughly washed w i th  d i s t i l l e d  
water, and f i n a l l y  d r i ed  i n  a desiccator a t  10OoC/0.2 t o r r .  The dry product was 
then extracted w i th  M F  i n  a Soxhlet f o r  24 hr, leaving a so l i d  residue consist ing 
mainly of the o r ig ina l  coal ash. I n  some experiments the solvent-free BCD product 
was fractionated i n t o  cyclohexane-solubles ( o i l s ) ,  benzene-solubles, cyclohexane- 
insolubles (asphaltenes), and residual  THF-sol ubles. benzene-insolubles 
(asphaltols). using a sequential procedure i n  which the t o t a l  THF soluble, solvent- 
free BCD product was f i r s t  extracted w i t h  benzene, and the resu l t i ng  benzene-soluble 
f rac t ion  was freed from the solvent and then extracted w i th  cyclohexane to  separate 
it i n t o  o i l '  and asphaltene fract ions.  

Hydroprocessing (HPR) Step. The to ta l  product from the sequential HT-BCD 
depolymerization steps or i n  some experiments the o i l  f r ac t i on  o f  the product) was 
subjected to  hydroprocdssing with a su l f ided  6€o8Mo/y-Al2O3 ca ta l ys t  (see above), 
using a 300 m l  s t i r r e d  autoclave and mesitylene as a solvent. 
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I n  each run about 5 g o f  the depolymerized coal product was dissolved i n  50 m l  
o f  mesitylene and charged together wi th 1 g o f  ca ta lys t  and several drops o f  CS2 t o  
the autoclave. The l a t t e r  was purged with nitrogen, pressurized w i th  hydrogen t o  an 
i n i t i a l  pressure o f  about 1500-1700 psig, quickly heated (15'C/min) t o  the selected 
react ion temperature (35O-37O0C), and then add i t iona l l y  pressurized w i th  hydrogen t o  
a reaction pressure o f  2700 psig. The autoclave was s t i r r e d  under these condi t ions 
f o r  4 hr, and then cooled down and depressurized. I n  some experiments the ca ta lys t  
was exchanged a t  t h i s  po in t  w i th  a fresh ca ta lys t  por t ion  (1 g) and the 
hydroprocessing repeated fo r  another 4 hr. A t  the end o f  the run, the HPR product 
was quant i ta t i ve ly  removed from the autoclave, separated by f i l t r a t i o n  fran the 
catalyst .  and analyzed. 

Depolymerized products from the sequential HT-BCD steps and the 
products fra the HPR step were subjected t o  a combination o f  I R ,  

elemental analysis. The b o i l i n g  po in t  d i s t r i b u t i o n  o f  such 
products was determined by simulated d i s t i l l a t i o n  using a 18" x 0.25" stainless 
steel  gas chromatographic column packed with 3% Dexsil 300 on Anakrom Q. A Hewlett- 
Packard, Model 5730 gas chromatograph was programed f o r  operation between -30" t o  
370°C a t  a ra te  o f  l l " /m in  ( f i n a l  temperature hold, 4 min; FID temperature, 
400°C). Bo i l ing  point  curves were ca l ib ra ted  w i th  a standard mixture o f  C -C 1- 
phenylalkanes. GC data were fed d i rec t l y ,  stored and calculated i n  a ?lewf!tt- 
Packard 21MX E-series computer. 

RESULTS AND DISCUSSION 

M i ld  Hydrotreatment (HT) Step. Sui table conditions for m i ld  hydrotreatment (HT) o f  
the two FeC13-coal intercalates were f i r s t  determined. This included determination 
o f  the optimal concentration o f  in te rca la ted  FeC13, the HT temperature, and the  
react ion t i m e  under which there i s  only pa r t i a l  breakdown o f  the coal framework by 
pre feren t ia l  cleavage of alkylene (e.g., methylene), benzyletheric, and some 
act ivated ary le ther ic  i n te rc l  uster linkages. with minimal (usual ly (10%) attendant 
so lub i l i za t i on  ( 2 , 4 ) .  

Figure 2 shows the change i n  the y i e l d  of MF-solubles from mi ld  HT ( a t  250°C) 
o f  the FeC13-F(NM) and FeCl -H(UT) coal in te rca la tes  as a funct ion o f  FeC13 
concentration. concentrations i n  the range o f  8- 
12.5% by w t  ape s u f f i c i e n t  f o r  an HT step characgerized by a desired, low-extent o f  
so lub i l i za t i on  (<lo%). The s l i g h t l y  higher rank H(UT) coal, however, shows qui te 
d i f f e ren t  behavior, as expressed i n  r e l a t i v e l y  much higher y ie lds  (ca 16-20%) a t  low 
FeC13 concentrations (5-10%) and markedly decreased y ie lds  o f  THF-sxubles a t  higher 
FeCl concentrations (15-20%). Figure 3 shows, however, tha t  the y i e l d  o f  THF- 
solugles from HT o f  the FeCl3-H(UT) coal in te rca la te  can be brought down t o  the 
desired leve l  ( 4 0 % )  by decreasing the hydrotreatment t i m e  t o  about 1 h r  ( a t  
250°C). It i s  also seen i n  Figure 3 tha t  increase i n  KT temperature t o  290°C causes 
an excessive extent of so lub i l i za t i on  which i s  undesirable fra the po in t  o f  view of 
the e f f i c iency  o f  the overal l  sequential depolymerization procedure. Spec i f i ca l l y ,  
the optimal conditions for the HT step were previously defined as those under which 
the extent o f  depolymerization and so lub i l i za t i on  i n  the subsequent BCO step are 
maximal (see below) ( 2 ) .  Data sumnarized i n  Figure 3 show tha t  l o w  concentrations 
o f  FeC13 (5-10%) i n  the H(UT) coal i n te rca la te  are preferable t o  a higher 
concentration o f  t h i s  hal ide for  HT a t  250°C and 1-2 hr  react ion time. On the basis 
o f  these resul ts f o r  the H(UT) coal a FeC13 concentration of 5% by w t ,  a temperature 
o f  250"C, and a react ion time o f  1-2 h r  were selected as operating condi t ions fo r  
the HT o f  H(UT) coal. Figures 2 and 4, on the other hand, ind ica te  tha t  for the 
F(NM) coal a sui table set of HT conditions i s  a FeC13 concentration o f  8-12.5%, a 
temperature o f  250"C, and a react ion t ime  of 1-2 hr. A f te r  removal o f  the 
intercalated FeC13 ca ta lys t  a t  the end of the m i ld  HT step (see Experimental), the 
m i ld l y  hydrotreated F(NM) and H(UT) coals were subjected t o  base-catalyzed 

As seen, fo r  d e  F(NM) coal FeCl 
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depolymerization (BCD), and the to ta l  y ie lds  o f  THF-soluble, depolymerized coal 
products fran the sequential HT-BCD procedure determined (see below, Table 1).  

Base-Catal zed De 01 merizat ion (BCD) Step. Table 1 sumnarires the t o t a l  y ie lds  o f  
'THF-solubl:, depoyymirized products fran BCO o f  mi ld ly  hydrotreated F(NM) coal as a 
function of the temperature used i n  the preceding HT step. As seen, increase i n  HT 
temperature fran 250' t o  29OOC resu l ts  i n  gradual decrease i n  the y i e l d  o f  THF- 
solubles obtained i n  the E D  step (from 89.6% by wt f o r  an HT temperature o f  2 5 O O C  
t o  6 8 . a  fo r  a temperature o f  290°C). It i s  fu r ther  seen tha t  appl icat ion of BCD 
alone to the same coal, without HT as preceding step (expt. 60) y ie lds  a markedly 
lower y i e l d  of THF-solubles (48.8%) as compared w i th  tha t  obtained by the combined 
HT-BCD procedure (compare w i th  expt. 66 or  63). under otherwise ident ica l  BCD 
conditions. I n  experiment 66 the so lub i l i za t i on  o f  the F(NM) coal i s  complete, as 
the insoluble residue l e f t  a f t e r  the BED step consists o f  the or ig ina l  coal ash 
only. Fract ionat ion of the t o t a l  THF-soluble product from the sequential HT-BCD 
processing shows tha t  i t  consists mostly b 6 0 %  by ut) of cyclohexane-soluble ( o i l )  
components. I n  a ser ies o f  comparative experiments, the conditions i n  the HT step 
were kept constant and ident ica l  wi th those i n  experiment 66, but the BCD step was 
performed a t  three d i f f e r e n t  temperatures, i.e., 275', 290" and 320°C. 
Fract ionat ion o f  the products using sol ubi1 i t y  differences (see Experimental showed 
t h a t  the o i l  f r ac t i on  increases w i th  increase i n  BW temperature and becomes 
predominant at 290-320°C bile the concentration o f  the combined asphaltene and 
asphalt01 f rac t ions  reaches very l o w  l eve l s  ( -20%' by ut). This behavior i s  
consistent with previously reported resu l ts  on the e f fec t  o f  BCD temperature upon 
the depolymerfzation o f  a Wyodak coal sample 12). It i s  also consistent wi th some 
e a r l i e r  resu l t s  which have shown tha t  the product from base-catalyzed 
depolymerization o f  a Clear Creek, Utah coal a t  320°C with NaOH-ethanol as 
depolymerizing agent consists predominantly o f  monocluster components( 5). 

Table 2 shows the change i n  the y i e l d  o f  THF-soluble products from BCD o f  
m i ld l y  hydrotreated H(UT) coal as a funct ion o f  BCD temperature i n  the range of  250- 
290°C. using otherwise i den t i ca l  conditions i n  both the HT and BCD steps. As seen, 
the to ta l  y i e l d  o f  THF-solubles increases w i th  increase i n  BCD temperature from 
37.0% (or 41.1% on the MAF coal) a t  250'C t o  72.6% (or 80.6% on the MAF coal) a t  
290'C. Complete so lub i l i za t i on  o f  the H(UT) coal a t  290'C requires extension of the 
BCD t i m e  t o  about 2 hr. It i s  also seen tha t  BCD a t  290'C without prel iminary m i ld  
hydrotreatment (HT) o f  the coal (expt. 73) resu l t s  i n  much lower so lub i l i za t i on  
y i e l d  (45.7%) as compared w i t h  tha t  obtafned by sequential HT-BCD (72.6%), using an 
ident ica l  temperature i n  the BED step (expt. 74). Furthermore, the product from 
expt. 74 consists p r imar i l y  (>60%1 o f  cyclohexane-soluble ( o i l )  components whereas 
the product from expt. 73 (without HT) contains only 21.8% o f  such components. 

Hydroprocessing (HPR) o f  Depolymerized F(NM) and H(UT) Coals. Table 3 sumnarizes 
the elemental compositions o f  k(NM) and H ( U T )  d epolymerized coal samples, as well as 
of products obtained from them i n  the l as t ,  i.e., the hydroprocessing (HPR) step o f  
the Sequential l i que fac t ion  procedure (Figure 1). As seen, the depolymerized coal 
Samples re ta in  the oxygen present i n  the s ta r t i ng  coals, viz., the depolymerizing HT 
and BCD steps do not cause a appreciable extent o f  hyKdeoxygenation. However, 
s t ruc tu ra l  studies based on Cly NMR, PMR and F U R  analysis o f  the products show t h a t  
there i s  a major change i n  the oxygen func t iona l i t y  o f  the depolymerized coals as 
compared w i th  the s t a r t i n g  coals, i.e., most a ry le ther ic  and some dibenzofuranic 
i n te rc lus te r  l i n k i n g  groups undergo hydro ly t i c  cleavage during the BCO step to y i e l d  
phenolic groups ( 6 ) .  It i s  also seen i n  Table 3 tha t  HPR o f  the depolymerized coals 
resu l t s  i n  exhaustive hydrodeoxygenation, y ie ld ing  hydrocarbon products o f  very low 
oxygen content. S t ruc tura l  analysis of HPR products and pa ra l l e l  model compound 
studies have elucidated the nature o f  some o f  the main depolymerizing reactions 
Occurring i n  the HPR step, i.e., hydrogenolytic cleavage o f  condensed furanic rings 
(dibenzofuranic groups) and o f  Ar -A r  bonds (3~5). The reactions o f  such strong 
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Table 1 

Yield o f  THF-Soluble Products from BCD o f  Mi ld ly  Hydrotreated 
F(NM) Coal as a Function o f  Temperature i n  the HT Step 

Experiment, no. 60 66 63 61 62 

HT stepa 

Temperature, O C  -- 250 250 27 5 290 

FeC13 concentration -- 8.0 12.5 12.5 12.5 

Y ie ld  o f  THF Solubles -- 6.0 6.7 8.6 14.8 
i n  KT Step, % by w t  

BCD stepb 

Temperature, "C 275 275 275 275 275 

Total y i e l d  o f  
THF-solubles, % by wtc 48.8 89.6 84.5 75.2 68.0 

Insoluble residued 51.2 10.4 15.5 24.8 32.0 

a I n i t i a l  H2 pressure, 1500 psig; react ion time, 2 hr. b I n i t i a l  
N2 pressure, 1000 psig; reaction time, 1 hr. CTotal y i e l d  ofd 
depolymerized. THF-soluble products from sequential HT-BCD. Including 
ash and non-depolymerized coal. 

Table 2 

Yield o f  THF-Soluble Products from BCD o f  M i ld l y  Hydrotreated 
H(UT) Coal as a Function of the Temperature i n  the BCD Step 

Experiment no. 71 

HT stepa 

Temperature, O C  250 

5 FeC13 concentration, % by wt 

Yie ld  o f  THF-Sol ubles 
i n  the HT Step, % by ut 12.9 

BCD stepb 

Temperature, O C  250 

Total y i e l d  o f  
THF-Solubles. % by w t c  37.0 

Insoluble residued 63.0 

"'See corresponding footnotes a-d, Table 1. 

72 

250 

5 

12.5 

275 

59.4 

40.6 

74 73 

250 -- 
5 -- 

12.4 -- 

290 290 

72.6 45.7 

27.4 54.3 
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Table 3 

Elemental Composition of Depolymerized F(NM) and H(UT) Coals 
and o,f Hydrocarbon Products Derived from them i n  the HPR Step 

Element, X by w t .  

Carbon 

Hydrogen 

Nitrogen 

g Depolymerized Hydroprocesse 
coal a (HPR)  product 

F(NM) H(UT) F(NM) H(UT) 

77.71 77.35 88.38 88.97 

8.34 8.74 10.04 9.83 

0.93 0.50 0.35 0.21 

Sulfur 0.14 0.11 <0.01 <0.01 

Oxygen (by difference) 12.88 13.29 1.23 0.99 

'The depolymerized F(NM) coal sample was obtained by HT a t  250°C. 
followed by E D  at 275°C (see expt. 66, Table 1 ) ;  the depolymerized 
H ( U T )  coal sample was obtained by HT a t  250°C followed by BCD a t  290°C 
(see expt. 74. Table 2). 

bThe hydroprocessing (HPR) of the depolymerized coals was performed a t  
370°C and 2700 psig Hp pressure. using a sulfided 6C08Mo ca ta lys t  and 
mesitylene as a solvent (for procedure, see Experimental 1. 

Table 4 

B o i l i n g  Point Distribution of Depolymerized F(NM) and H(UT) 
Coals and of Hydrocarbon Products Derived from them 

by Hydroprocessing ( H P R )  

Fraction (b.p., "C) 
w t x  

Gasoline (<200°) 

Depol y y i  zed Hydroprocessed 
coal (HPR)C product 

F(NM) H(UT) F(NM) H ( U T )  

5.0 1.1 18.0 18.7 

Kerosene (200-275') 3.5 4.2 35.5 27.2 

Gas O i l  (275-325") 11.1 5.1 8.1 9.4 

Heavy Gas O i l  (325-400') 9.4 6.9 7.2 7.7 

Vacuum Gas O i l  (400-538") 12.7 5.7 10.6 13.9 

Total D i s t i l l ab l e  (<538") 41.8 23.0 79.4 76.9 

Atmospheric Residue (>350°) 75.6 87.0 36.3 42.2 

Vacuum Residue (>538"C) 58.2 77.0 20.6 23.1 

anoiling point d i s t r ibu t ions  were determined by simulated d i s t i l l a t i o n  
(see Experimental). bSee footnote a, Table 3. cSee footnote b. Table 3. 

I 
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I 

i n te rc lus te r  linkages involve as a f i r s t  necessary step r i n g  hydrogenation o f  a t  
l eas t  one aromatic r i n g  adjacent t o  the linkage, followed by C-0 o r  C-C 
hydrogenolysis, respect ively (3,6). 

Table 4 sumarizes the bo i l i ng  point d i s t r i bu t i on  o f  the depolymrized F(NM) 
and H(UT) coals, and o f  the hydrocarbon products derived from them i n  the HPR 
step. As seen, the oxygen-rich depolymerized coals are characterized by low 
v o l a t i l i t y ,  as re f lec ted  i n  a to ta l  proportion o f  d i s t i l l a b l e  components (<538"C) o f  
41.8% fo r  the F(NM) coal and 23.0% f o r  the H(UT) coal. The to ta l  proportion o f  
gasoline- plus kerosene- range fract ions i s  only 8.5% fo r  the depolymerized F(NM) 
coal, and 5.3% fo r  the depolymerized H(UT) coal. Hydroprocessing resu l t s  i n  a 
dramatic change i n  v o l a t i l i t y  as re f lec ted  i n  a combined y i e l d  of 61.6% o f  low- 
bo i l i ng  f ract ions (gasoline, kerosene, and gas o i l ;  b.p. up t o  325"C/760 t o r r )  f o r  
the product f ran  the F(NM) coal, and an y i e l d  o f  55.3% of such fract ions fo r  the 
product from the H(UT) coal. Those resu l ts  are s imi la r  t o  those previously reported 
for a lower rank Wyodak coal, and provide fu r ther  support for the above ou t l ined  
processing concept according t o  which pre feren t ia l  conversion of coals to l i g h t  
hydrocarbon o i l s  requires in-depth, low-temperature coal depolymerization t o  
monocl us te r  products, p r i o r  t o  hydroprocessi ng . 
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Figure 1. Low-Temperature Coal Depolymerization-Liquefaction 
Procedure. 
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Introduction 

The main objectives of this research are (1)  to investigate effects of 
heating rates on deactivation of catalysts, (2) to identify interactions 
between hydrogen donor solvents (HDS) and catalysts, (3) to study effects 
of initial temperatures on catalytic activities, and (4) to elucidate 
interactions between physical solvents and catalytic activities in the 
early stage of coal liquefaction. 

A series of liquefaction experiments were conducted for Kentucky #9 
coal (Ky #9 coal) without hydrogen donor solvents in the presence of 
presulfided fresh Shell 324 M catalyst, increasing liquefaction tempera- 
tures from 200OC O K  300OC up to 380oC and holding liquefaction temperatures 
at 380Oc for 15 min (s,?). Naphthalene (NAP) was hydrogenated with 
molecular hydrogen in the presenae of used catalysts to evaluate Catalytic 
activities of used catalysts. Liquefaction of Ky 119 coal decreases and 
catalytic activities increase, as heating rates increase, as shown in 
Figure 1. The initial liquefaction temperatures appear to affect lique- 
faction of Ky #9 coal in the presence of presulfided fresh Shell 324 M 
catalyst, whereas catalytic activities appear to be independent of the 
initial temperatures in the absence of hydrogen donor solvents. 

as a physical solvent, both liquefaction of Ky 119 coal and deactivation of 
Shell 324 M (NiMo) catalyst are less in the presence of Hex than 1-MN. 

the presence of both presulfided fresh Shell 324 M catalyst and various 
hydrogen donor solvents such as anthracene ( A N ) ,  9,lO-dihydroanthracene 
(DHA), phenanthrene(PN), 9,10-dihydrophenanthrene(DHP), quinoline(Q), and 
1,2,3,4-tetrahydroquinoline(THQ) (1, 2 ,  5, 1). The liquefaction tempera- 
ture was increased from 2OO0C or 3OOFC up to 38OOC in the heating rates 
of l-6cC/min. 

shown in Figures 3 through 6. The initial liquefaction temperatures appear 
to affect both liquefaction of Ky #9 coal and deactivation of Shell 324 M 
CatdySt ir? the early stage of liquefying Ky 119 coal in the presence of 
hydrogen donor solvents. Deactivation of Shell 324 M catalyst appears to 
decrease with increasing heating rates. On the other hand, the initial 
temperatures appear to affect liquefaction of Ky #9 coal and seem not to 
affect deactivation of Shell 324 M catalyst in the absence of hydrogen 
donor solvents. 

Experimental 

When hexadecane (HEX) was used instead of 1-methylnaphthalene (1-MN) 

Another series of liquefaction runs of Ky 19 coal were performed in 

Liquefaction of Ky 119 coal decreases, as heating rates increase, as 

Coal liquefaction runs were conducted, using Ky 119 coal. Either 
hexadecane or 1-MN was utilized as a physical solvent. A 13 cc, 316 
stainless steel microreactor was fed with 1 g coal, 0.1 g hydrogen donor 
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solvent, 2.9 g physical solvent, 0.1 g presulfided fresh Shell 324 M 
catalyst and 1200 psig hydrogen at room temperature, as shown in Table 1. 
0, THQ, AN, DHA, PN, and DHP were introduced in the reactor as hydrogen 
donor solvents. Liquefaction temperatures were increased from 200cc or 300' 
C up to 380OC and held at 38OOC for 15 min. 

ture, the reactor was quenched in cold water and the gaseous products were 
released. The liquid-and-solid liquefaction products as well as the used 
Catalyst were removed completely from the reactor by dissolving these 
liquefaction products with tetrahydrofuran(THF). The catalyst was 
Separated from the solid-and-liquid liquefaction products and then was 
washed with 200 cc THF by sonicating the spent catalyst in THF for 12 min. 

The liquefaction products were separated into a THF soluble fraction, 
a toluene-insoluble fraction and a cyclohexane-insoluble fraction to obtain 
a product distribution in terms of preasphaltene(PRA), asphaltene(ASP1 and 
oil-plus-water-plus-gas (OWG) (E).  

Naphthalene was hydrogenated with molecular hydrogen in the presence 
of the sonicated spent catalyst to examine deactivation of spent catalyst, 
as shown in Table 2. 

COnVeKSiOnS of hydrogen donor solvents were analyzed, using a gas 
chromatograph, equipped with a flame-ionization detector and an 8 ft. long, 
1/8 inch OD, SP 2100 packed column. 

Discussions 

Following coal liquefaction at the desired reaction time and tempera- 

A series of Ky 119 coal liquefaction runs were Carried out without 
hydrogen donor solvents, in the presence of presulfided fresh Shell 324 
(NiMo) catalyst, increasing liquefaction temperatures from 200oC OK 300OC 
up to 380OC and holding liquefaction temperatures at 38OOC for 15 min., as 
shown in Figure 1. 

off at high heating rates. Deactivation of catalyst also decreases with 
increasing heating rates. The initial temperatures appear to affect lique- 
faction of Ky #9 coal, whereas the initial temperatures do not appear to 
affect deactivation of catalyst in the early stage of liquefying Ky 119 coal 
in the absence of hydrogen donor solvents. Figure 1 shows that liquefac- 
tion of Ky 119 coal in the absence of HDS significantly takes,place at low 
heating rates and does not take place at high heating rates between 
liquefaction temperatures 2OOOC and 300OC. These data also suggest that 
deactivation of catalyst in the absence of HDS does not appear to occur 
significantly between liquefaction temperatures 200OC and 300OC. 

When hexadecane as a physical solvent was used instead of 1-MN, both 
liquefaction of Ky #9 coal and deactivation of catalyst were lower in the 
presence of hexadecane than 1-MN in liquefying Ky 119 coal in the absence 
of hydrogen donor solvents, as shown in Figure 1. These facts may indicate 
that both liquefaction of Ky 19 coal and deactivation of catalyst in the 
absence of HDS are affected by physical solvents. 

Another series of coal liquefaction runs of Ky 119 coal were carried 
out in the presence of both presulfided fresh Shell 324 M catalyst and 
various hydrogen donor solvents such as AN, DHA, PN, DHP, 9, and THO, using 
1-MN as a physical solvent. The liquefaction temperature was increased 
from 2OOOC or 3OOOC up to 38OCC in the heating rates of l-60C/min, as shown 
in Figures 2 through 6. 

Both liquefaction of Ky 119 coal and deactivation of catalyst decrease 
with increasing heating rates. The initial temperatures affect both 
liquefaction of Ky #9 coal and deactivation of catalyst in the presence of 
HDS. These observations may explain that both liquefaction of Ky #9 coal 
and deactivation of catalyst take place in the presence of HDS between 

Coal liquefaction decreases with increasing heating rates and levels 
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l i q u e f a c t i o n  t e m p e r a t u r e s  
Kv #9 c o a l  was l i a u e  

200OC and 300oC. 
i e d  more i n  t h e  p r e s e n c e  of h y d r o a r o m a t i c s  uch 

a s  DHA-and DHP t h a n  co;responding aromat ic ;  such  a s  AN and PN between l i q -  
u e f a c t i o n  t e m p e r a t u r e s  2 O O O C  and 300OC, a s  shown i n  F i g u r e s  2 ,  3 and 6.  
These  f a c t s  may e l u c i d a t e  t h a t  a v a i l a b i l i t y  of d o n a t i v e  hydrogen from 
hydrogen d o n o r  s o l v e n t s  is q u i t e  i m p o r t a n t  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  
Ky # 9  c o a l  i n  t h e  p r e s e n c e  of  N i M o  c a t a l y s t  ( 3 ) .  

o f  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  p r e s e n c e  of HDS between l i q u e f a c t i o n  
t e m p e r a t u r e s  2OOOC and 300@C, a s  shown i n  F i g u r e s  2 t h r o u g h  6 ,  whereas  
d e a c t i v a t i o n  of  c a t a l y s t  d o e s  not  appear  t o  t a k e  p l a c e  i n  t h e  e a r l y  s t a g e  
of  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  absence  of  HDS between l i q u e f a c t i o n  temp- 
e r a t u r e s  200@C and 300@C, a s  shown i n  F i g u r e  1. These f a c t s  may i n d i c a t e  
t h a t  hydrogen donor  s o l v e n t  i t s e l f  a p p e a r s  t o  c o n t r i b u t e  t o  d e a c t i v a t i o n  Of 
c a t a l y s t  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky # 9  c o a l .  

i n c r e a s i n g  h e a t i n g  r a t e s  t h a n  t h a t  i n  t h e  p r e s e n c e  of THQ. D e a c t i v a t i o n  of 
c a t a l y s t  i n  t h e  p r e s e n c e  of Q d e c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  r a t e s ,  
whereas  d e a c t i v a t i o n  of  c a t a l y s t  i n  t h e  p r e s e n c e  of THQ d e c r e a s e s  and t h e n  
i n c r e a s e s  w i t h  i n c r e a s i n g  h e a t i n g  rates, a s  shown i n  F i g u r e s  4 and 5. T h i s  
o b s e r v a t i o n  may s u g g e s t  t h a t  THO a s  a hydrogen donor  s o l v e n t  a p p e a r s  t o  
p o i s o n  c a t a l y s t  a t  h i g h  h e a t i n g  r a t e s  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky 
#9 c o a l .  

c o a l  were compared on  a THF-solubles-vs-heat ing r a t e s  p l o t ,  as shown i n  
F i g u r e  6 .  The THF s o l u b l e s - v s - h e a t i n g  r a t e s  c u r v e s  f o r  AN, DHA, Q and THO 
a r e  concave upward,  whereas  THF-soluble-vs-heat ing r a t e s  c u r v e s  f o r  PN and 
DHP a r e  concave  downward. E f f e c t s  of  h e a t i n g  r a t e s  on l i q u e f a c t i o n  o f  Ky 
#9 c o a l  i n  t h e  p r e s e n c e  of q u i n o l i n e  a p p e a r  t o  be l e a s t  among o t h e r s .  
These o b s e r v a t i o n s  may i n d i c a t e  t h a t  c h a r a c t e r i s t i c  p l o t s  of 
THF-solubles-vs-heat  i n g  r a t e s  d a t a  a r e  dependent  on t y p e s  of  hydrogen donor  
s o l v e n t s  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky # 9  c o a l  i n  t h e  p r e s e n c e  of  
S h e l l  324 M ( N i M o )  c a t a l y s t .  

D e a c t i v a t i o n  of c a t a l y s t  s i g n i f i c a n t l y  tFkes p l a c e  i n  t h e  e a r l y  S t a g e  

L i q u e f a c t i o n  o f  Ky #9 c o a l  i n  t h e  p r e s e n c e  of Q d e c r e a s e s  less w i t h  

E f f e c t s  of v a r i o u s  hydrogen donor  s o l v e n t s  o n  l i q u e f a c t i o n  o f  Ky 19 

C o n c l u s i o n s  

The f o l l o w i n g  c o n c l u s i o n s  were made on t h e  b a s i s  of  t h e  a v a i l a b l e  d a t a  
i n  t h i s  r e s e a r c h .  

. I n i t i a l  t e m p e r a t u r e s  a p p e a r  t o  a f f e c t  l i q u e f a c t i o n - o f  Ky 
#9 c o a l ,  whereas  i n i t i a l  t e m p e r a t u r e s  d o  n o t  a p p e a r  t o  
a f f e c t  d e a c t i v a t i o n  of  S h e l l  324 M ( N i M o )  c a t a l y s t  i n  t h e  e a r l y  
s t a g e  o f  l i q u e f y i n g  Ky #9 c o a l  i n  t h e  a b s e n c e  of hydrogen donor  
s o l v e n t s  ( S e e  F i g u r e  1)  

. P h y s i c a l  s o l v e n t  i t s e l f  a p p e a r s  t o  a f f e c t  bo th  c o a l  l i q u e f a c t i o n  and 
c a t a l y t i c  d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of  l i q u e f y i n g  Ky #9 c o a l  
i n  t h e  a b s e n c e  of  HDS. (See  F i g u r e  1) 

. I n i t i a l  t e m p e r a t u r e s  a f f e c t  b o t h  c o a l  l i q u e f a c t i o n  and c a t a l y t i c  
d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky 119 c o a l  i n  t h e  
p r e s e n c e  o f  HDS. ( S e e  F i g u r e s  2 t h r o u g h  5 )  

. Hydrogen d o n o r  s o l v e n t  i t s e l f  a p p e a r s  to c o n t r i b u t e  t o  c a t a l y t i c  
d e a c t i v a t i o n  i n  t h e  e a r l y  s t a g e  of l i q u e f y i n g  Ky (19 c o a l .  ( S e e  
F i g u r e s  1 v s  F i g u r e s  2 through 5 )  

. C h a r a c t e r i s t i c  p l o t s  of  THF-soluble-vs-heating-rate d a t a  a r e  depen- 
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dent on types of hydrogen donor solvents in the early stage of 
liquefying Ky #9 coal in the presence of Shell 324 M (NiMo) 
catalyst 

. Quinoline behaves as a hydrogen donor solvent least sensitive to 
heating rates among others and THQ appears to poison catalyst at 
high heating rates in the early stage of liquefying Ky 89 coal in 
the presence of Shell 324 M (NiMo) catalyst and 1-MN as a physical 
solvent 

. Coal liquefaction as well as catalytic deactivation can be identi- 
fied, estimated and compared over a desired temperature range Of 
coal liquefaction by liquefying coals at nonisothermal liquefaction 
temperatures 
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T a b l e  1 

L i q u e f a c t i o n  C o n d i t i o n s  o f  Ky #9 Coal 

I n i t i a l  T e m p e r a t u r e s  ( 1 . T . )  ( O C ) :  

F i n a l  T e m p e r a t u r e  ( " C ) :  

H e a t i n g  Rate (OC/Min) 

L i q u e f a c t i o n  D u r a t i o n  
a t  38OoC (Min)  

200 o r  300  

380 

1-6 

0 o r  1 5  

Reactor C h a r g e  

H y d r o g e n ( H 2 )  : 1 2 0 0  p s i g  a t  room t e m p e r a t u r e  

Coal : l g  

P h y s i c a l  S o l v e n t  : 2.9 g o r  3 g 1 - M e t h y l n a p h t h a l e n e  
o r  3 g Hexadecane  

Hydrogen  Donor 
So 1 v e n t  : 0 . 1  g 

P r e s u l f i d e d  
F r e s h  S h e l l  
324 M C a t a l y s t  : 0 . 1  g 

T a b l e  2 

R e a c t i o n  C o n d i t i o n s  o f  E v a l u a t i n g  D e a c t i v a t i o n  of  C a t a l y s t  

R e a c t i o n  T e m p e r a t u r e  : 380'C 

R e a c t i o n  D u r a t i o n  : 1 5  min .  

R e a c t o r  Charge  

N a p h t h a l e n e  : 0 . 1  g 

Hydrogen  : 1 2 0 0  p s i g  a t  room t e m p e r a t u r e  

U s e d  C a t a l y s t  : 0 . 1  g 

H e x a d e c a n e  : 2.9 g 

28 



Conversion of Naphthalene THF - Soluble (U I, IIRF) 
(U %) 

! 

1 

i 

Conversion of Naphthalene 
( W  I) 

% S S S  
I I I I 

0 p 
THF - Soluble ( W  1. WF) 

N 0 S g g  
1 I I I 

C' 

0'' - 
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Convers 1 on o f  Naphtha 1 ene 
(U I )  

THF - Soluble ( W  1. MAF) 

N a 3 8  
I I I I 

Conversion o f  Naphthalene THF - Soluble ( W  %, WIF) 
(U 2) 

I 
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Conversion o f  Naphthalene 
(U I )  

I 
I 

i 

THF - Soluble (U 1. PAF) 

B 8 Z e :  

0 0  

THF - Soluble ( W  I .  PAF) 
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MODERATE TEMPERATURE COAL HYDROGENATION 
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Rockwell I n te rna t i ona l ,  Rocketdyne D i v i s i o n  
6633 Canoga Avenue, Canoga Park, CA, 91304, U.S.A. 

INTRODUCTION 

A wel l -def ined c o r r e l a t i o n  among coal  s t ruc tu re ,  t n e  r e a c t i o n  cond i t i ons  o f  
l i que fac t i on ,  and t h e  composit ion o f  t h e  products i s  an impor tant  fundamental 
o b j e c t i v e  o f  coal l i q u e f a c t i o n  research. 
because o f  t h e  g rea t  complex i ty  o f  t he  coal s t r u c t u r e  and because o f  t he  many s ide  
react ions t h a t  occur a t  comnercial l i q u e f a c t i o n  temperatures. Such s ide  reac t i ons  
i nc lude  thermal fragmentation, and t h e  condensation o r  po lymer izat ion o f  r e a c t i v e  
in termediates,  which r e s u l t  i n  gas and coke formation. 

Addi t ional  compl icat ions a re  caused by the  use o f  a donor so l ven t  i n  most 
coal  l i q u e f a c t i o n  processes. Tne donor so l ven t  i n t e r f e r e s  w i t h  t h e  i n v e s t i g a t i n g  
o f  t h e  reac t i on  chemist ry  and analyz ing o f  t h e  r e a c t i o n  products by forming 
adducts wi th the  coal -der ived intermediates. Furthermore, i t  i s  d i f f i c u l t  t o  
cha rac te r i ze  separate ly  the donor so lvent  and i t s  d e r i v a t i v e s  i n  t h e  complex 
product  mix ture.  A t  moderate reac t i on  temperatures, i n t e r n a l  hydrogen rearrange- 
ment may p l a y  a r e l a t i v e l y  more s i g n i f i c a n t  r o l e  i n  r a d i c a l  s t a b i l i z a t i o n .  
Consequently, hydrogenating coal w i t h  gas-phase hydrogen and w i thou t  a donor 
so lvent  o f f e r s  s i g n i f i c a n t  advantages i n  understanding the mechanisms t h a t  occur. 

The r e a c t i o n  o f  coa l  w i t h  HZ has been inves t i ga ted  i n  t h e  temperature range 
o f  400 t o  5GO'C (1 ) .  
react ions t h a t  l e a d  t o  gas and coke format ion a re  f a s t  and take p lace i n d i s c r i m i -  
nate ly .  The oD jec t i ve  o f  t h i s  research was t o  explore hydrogenation a t  lower  
temperatures where t h e  thermal side reac t i ons  are l e s s  extensive. 

Th is  o b j e c t i v e  has been very e lus i ve  

A t  these temperatures, however, crack ing and condensation 

EXPERIMENTAL 

The hydrogenation experiments were conducted i n  a 1 - l i t e r  s t i r r e d  autoclave 
equipped w i t h  a l i n e r  ana a s p e c i f i c a l l y  designed anchor-type impe l l e r .  It i s  
essen t ia l  t o  use a p roper l y  designed i m p e l l e r  i n  t h i s  r e a c t i o n  t o  improve gas- 
s o l i d  con tac t  and mass t r a n s f e r ,  p a r t i c u l a r l y  du r ing  the i n i t i a l  so f ten ing  o f  t he  
coal p a r t i c l e s ,  wnen cak ing can occur. A l i n e r  made o f  Inconel 600 and an 
impe l l e r  made o f  316 SS were used i n  Experiments 1A through 1E and i n  Experi- 
ment 2. The l i n e r  and i m p e l l e r  were coated w i t h  g lass f o r  Experiments 3 and 4 t o  
e l im ina te  t h e  c a t a l y t i c  e f f e c t  o f  t h e  metal surface. 
h ign  v o l a t i l e  bituminous coa l  was used. The coal  was ground t o  -200 mesh and 
d r i e d  a t  115°C i n  vacuo be fo re  use. 

c o a l s  o f  s l i g h t l y  d i f f e r e n t  rank. 
gate reac t i ons  i n  t h e  275 t o  325'C range us ing  1-h and 48-h r e a c t i o n  times. The 
o b j e c t i v e  o f  t he  second s e t  was t o  explore the  e f f e c t  o f  coal rank and two cata- 
l y s t s  on coal  conversion and product o i l  c h a r a c t e r i s t i c s .  Reaction parameters 
were se lected on t n e  bas i s  o f  the r e s u l t s  o f  t he  f i r s t  s e t  o f  experiments. 

I n  each experiment, 25 g o f  

Two se ts  of hydrogenation experiments were conducted us ing two bituminous 
The o b j e c t i v e  o f  the f i r s t  s e t  was t o  i n v e s t i -  
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Tne f i r s t  s e t  was conducted u s i n g  a P i t t s b u r g h  seam bituminous coal of the 
following composition I%, daf):  
coal contained 11.2% ash. The second s e t  was conducted a t  325°C using reaction 
times of 48 h. A Pittsburgh seam bituminous coal of somewhat h ighe r  rank was used 
i n  these experiments. 
follows: C:82.1, H:5.9, S:3.3, N:l.b, and 0:7.1. The ash content of the  dry coal 
was 8.2%. 

Each experiment was conducted a t  a hydrogen pressure of approximately 
20.7 MPa. 
ated product was Soxhlet-extracted w i t h  benzene. The benzene solution was con- 
centrated by d i s t i l l a t i on  and then poured in to  excess hexane t o  precipitate the 
asphaltenes. 
evaporated t o  recover the o i l  fraction. Tne benzene-insoluble residue was 
Soxhlet-extracted w i t n  THF and separated in to  a THF-soluble fraction and a n  insol- 
uble residue. T h i s  procedure was based on a separation method recommended by Mima 
e t  a1 ( 2 ) .  The solvent-separated fractions were analyzed fo r  elemental composi- 
t i o n .  A detailed characterization of the product o i l s  was made using simulated 
d i s t i l l a t i on ,  vapor phase osmometry, f i e l d  ionization mass Spectrometry (FIMS), 
and proton nuclear magnetic resondnce (NrvlR) spectrometry. 

C:80.1, H:5.1, S : 3 . 6 ,  N:l.b, and 0:9.6. The dry 

The elemental composition of t h i s  coal (%, daf)  was as  

After the product gases had been measured and analyzed, the hydrogen- 

After f i l t r a t i o n ,  the hexane solution was d i s t i l l e d  and the  hexane 

RESULTS AplD OISCUSSION 

Tne t e s t  conditions and product y i e l d s  of the f i r s t  s e t  of experiments a re  
presented i n  Table 1 .  
chemical analysis in a 1-n reaction period a t  the lowest t e s t  temperature (275OC). 
The appearance of tne dry powder product very closely resembled tha t  of the s t a r t -  
i n g  coal. Most of t h 2  gas products consisted of carDon oxides; tne gaseous nydro- 
carbon (CH4) y ie lo  was only 0.04%. 
of the THF-soluble ex t rac t  increased from 5% t o  8%. 
been presented el sewhere ( 3 ) .  

t ha t  a s ign i f icant  H-exchange had taken place a t  275°C. 
( 1 H )  i n  the coal was replaced by deuterium (2H or D ) .  
sizable increase i n  the THF solubili ty a l so  was observed. 
product was a shiny black solid,  and there were significant increases i n  the THE 
solubili ty.  Finally,  when the reaction time was increased to  48 h a t  325OC. the 
THF so lubi l i ty  of the product increased t o  77%. Of t h i s  amount, 72% was hexane- 
soluble o i l  (daf coal basis) .  The fraction of gaseous products increased only 
s l igh t ly  as  the temperature was increased from 275 to  325"C, and the reaction time 
increased from 1 h to  48 h. This indicates t ha t  the product l iqu ids  were s tab le  
under these experimental conditions. The structural  characterization of the 
product o i l  from t h i s  l a s t  experiment a t  325°C f o r  48 h i s  discussed below. 

The product y ie lds  from the second s e t  of experiments ( 2  through 4 )  a re  
l i s t ed  i n  Table 2. 
rank and two selected ca ta ly t ic  conditions on coal conversion and product oil  
characterist ics.  
coal (Experiment 1E) fo r  comparison. 
show t ha t  the lower rank coal used i n  Experiment 1E was much more reactive,  
particularly w i t h  regard t o  the conversion of the asphaltenes to  o i l .  

Very l i t t l e  reaction was observed by visual inspection or 

Lompareo w i t n  the s t a r t i ng  coal,  tne  amount 
Some of tnese resu l t s  have 

An experiment made using O2 under the same conditions (IS), however, showed 
About 15% of the protium 

A t  310 t o  325"C, the 
In this experiment, a 

These experiments were designed t o  t e s t  the e f f ec t  of coal 

Table 2 a lso  includes the product y ie lds  from the lower rank  
The product y ie lds  from Experiments 1 E  and 2 
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The evaluation of Experiments 2 and 3 shows tha t  the autoclave's metal sur- 
faces have a strong ca t a ly t i c  e f f ec t  on o i l  production. 
ment 4 indicate t h a t  nickel very effectively catalyzes the conversion of coal t o  
soluble products b u t  i s  somewhat less  effective than the autoclave surfaces i n  
catalyzing o i l  production. Gas formation was remarkably low i n  every experiment. 
I t  appears t h a t  gas formation i s  proportional t o  o i l  production; the gas y i e ld  was 
approximately 10% of the o i l  yield.  i n  each experiment. 

The elemental composition of the o i l  products i s  given i n  Table 3. 
atomic r a t io s  varied from 1.13 t o  1.24, and the o i l  from the nickel-catalyzed 
reaction had the highest value. The o i l  produced from lower rank coal (Experi- 
ment 1E) had the same H/C r a t i o  a s  the o i l  product from the  higher ranking coal 
(Experinent 2). even though the  o i l  y ie ld  in Experiment 1E was 50% higher. The 
oil '  from Experiment 1E had a significantly lower oxygen content than the o i l  from 
Experiment 2. This difference may indicate tha t  the cleavage of certain C-0 bonds 
has an important ro le  i n  o i l  formation. 

The hydrogen-type d is t r ibu t ions  of the o i l  products were determined by proton 
tdMR spectroscopy. Figure 1 shows the spectrum of the o i l  from Experiment 1E as  an 
example. The integration r e su l t s  are presented i n  Table 4. In agreement w i t h  the 
elemental analysis da ta ,  the NMR integration values show t h a t  the o i l  made by 
nickel ca ta lys i s  (Experiment 4)  had significantly more saturated structures than 
the o i l  formed via ca t a ly t i c  e f f e c t  of the  autoclave surfaces (Experiment 2). 
These resu l t s  plus the  f a c t  t h a t  the o i l  yield was greater i n  Experiment 2 than in 
Experiment 4 indicate t h a t  the ca ta ly t ic  e f fec t  of the autoclave surfaces prefer- 
en t ia l ly  catalyzed hydrocracking reactions leading t o  o i l  formation, while nickel 
ca ta lys i s  resulted i n  more hydrogen uptake leading t o  the  formation of saturated 
structures.  

The o i l  products from Experiments 2 through 4 were fur ther  characterized by 
simulated d i s t i l l a t i o n  and by FIMS. The data indicate t h a t  there i s  close simi- 
l a r i t y  between the s t ruc tura l  features of the o i l s  from Experiments 2 and 3. The 
presence of several homologous ser ies  (such a s  alkyl derivatives of phenol, 
diphenyl/acenaphthene, and pyrene) h a s  been indicated in these o i l  products. The 
product o i l  from the nickel-catalyzed hydrogenation i s  quite d i f fe ren t  i n  t h a t  the 
data indicated the presence of more hydrogenated ring structures i n  it. 

The hydrogen type d is t r ibu t ions  of an o i l  f rac t ion  obtained by moderate 
temperature hydrogenation and of d i s t i l l ed  o i l  f rac t ions  of ex t rac t  and process 
solvent samples from an integrated two-stage l iquefaction p i lo t  plant,  a r e  com- 
pared i n  Table 5. The o i l  from moderate temperature hydrogenation i s  much l e s s  
aromatic and contains more saturated structures than the p i l o t  plant products, 
which were produced a t  s ign i f icant ly  higher temperatures. 

The resu l t s  of Experi- 

The H/C 

SUMMRY AND CONCLUSIONS 

Hydroliquefaction of two bituminous coals was explored t o  obtain information 
on the  chemistry of l iquefaction. Tests were conducted i n  the temperature range 
of 275 t o  325°C and a t  20.7 MPa hydrogen pressure. No donor solvent was added t o  
the reactant t o  simplify product analysis and the evaluation of the  resu l t s .  The 
resu l t s  and conclusions a re  summarized below: 

1.  Exploratory tests showed tha t  a t  a l iquefaction temperature of 325°C. 
h i g h  conversion t o  o i l  can be obtained with few side reactions result ing 
i n  gas or coke formation. Therefore, th is  temperature was selected t o  
explore fur ther  the ef fec t  of coal rank and ca ta lys i s  on coal conversion. 
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2. O f  the two bituminous coa ls  tested, t he  lower  rank coal (C = 80%) was 
much more r e a c t i v e  and gave 50% h igher  o i l  y i e l d  than the h ighe r  rank 
coal  (C = 82%). 

It was shown i n  experiments made wi th  the h ighe r  rank coal (C = 82%) 
t h a t  the metal components o f  the autoc lave ( l i n e r  and i m p e l l e r )  had a 
s t rong c a t a l y t i c  e f f e c t  on the  l i q u e f a c t i o n  react ion.  When t h e  metal 
p a r t s  o f  t he  autoc lave were replaced w i t h  a glass-coated l i n e r  and 
impel ler ,  t he  o i l  y i e l d  was reduced from 48% t o  19%. 

Ca ta l ys i s  by n i c k e l ,  app l i ed  as n i c k e l  acetate impregnated i n t o  the  
coal ,  gave s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  from those obta ined i n  t h e  
me ta l - l i ned  reac to r .  
us ing the  n i c k e l  c a t a l y s t  (94% versus 87%). However, n i cke l  c a t a l y s i s  
gave lower convers ion t o  o i l  (40% versus 48%). 

The o i l  produced i n  t h e  n icke l -cata lyzed hydrogenation was s i g n i f i c a n t l y  
more a l i p h a t i c  i n  cha rac te r  than t h e  product  from t h e  meta l -sur face 
cata lyzed react ions.  The a l i p h a t i c  t o  aromatic proton r a t i o s  were 83/17 
and 74/26, respec t i ve l y .  
h ighe r  ( B  + Y )/a a l i p h a t i c  proton r a t i o  than the  meta l -cata lyzed product  
(55/28 versus 43/32). These data i n d i c a t e  t h a t  n i c k e l  c a t a l y s i s  
s t rong ly  promoted hydrogenation o f  aromatic r i n g s  wh i l e  the metal 
components more e f f e c t i v e l y  cata lyzed hydrocracking react ions,  which 
r e s u l t e d  i n  o i l  formation. 

The o i l  y i e l d s  were 72% and 48%, respect ive ly .  

3. 

4. 

Overa l l  conversion t o  so lub le  products was h ighe r  

5. 

A l s o ,  t h e  n i cke l - ca ta l yzed  product  had a much 
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TABLE 1 

TEST CONDITIONS AND PRODUCT YIELDS 
~~ 

Conversion 
( %  da f  Coal) 

Temperature Pressure Time THF Product 
Experiment ("C) (Wa)  (h) Gas Soluble Appearance 

Untreated coa l  - - - 5  Dry powder 
1A 272 20.0 1.0 0.4 8 Dry powder 
16 (D2) 271 20.3 1.0 0.3 15 Dry powder 
1c 31 0 20.7 1.0 1.0 22 Black s o l i d  
10 325 19.3 1.0 1.7 29 Shiny b lack s o l i d  
1E 325 19.3 48.0 5.8 77a Thick dark o i l  

aMost o f  t h i s  THF-soluble product  was hexane-soluble o i l  (72% based on d a f  coal ) .  

TABLE 2 
PRODUCT DISTRIBUTIONS FROM MODERATE TERERATURE 

LIQUEFACTION EXPERIMENTS~.~ 

Experiment 1E 2 3 4 

Coal rank % C, daf  80 82 82 82 
% 0 da f  9.6 7.1 7.1 7.1 

C a t a l y s t  Yes Yes No Yes 
(L ine r /  ( L i  n e r l  (Nickel -  
impel 1 e r  ) impel 1 e r  ) acetate)  

Conversion 84 87 80 94 
Product y i e l d s :  

Gas 6 4 3 4 
o i  1 72 48 19 40 
Asphal tene 6 18 33 28 
Preasphal t ene  1 17 25 22 
Re s i  due 16 13 20 6 

a A l l  hydrogenation experiments inade a t  325"C, -20 R a ,  and 
busing 48-h r e a c t i o n  time. 

Percent  on l oss - f ree ,  daf-basis. 
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TABLE 3 
ELEMENTAL COMPOSITIONS OF PRODUCT LIQUIDS 

Composition (ut .  $1 

Sample C H N 0 S Total H/C 

Experiment l E ,  o i l  88.2 8.4 1.1 1.8 0.6 100.1 1.14 
Experiment 2, 

d i s t i l l e d  l i q u i d  86.3 8.1 1.2 3.6 0.4 99.6 1.13 
Expermiment 2, o i l  86.1 8.2 0.9 4.2 0.4 99.8 1.14 
Experiment 3, o i l  87.2 8.6 0.8 2.7 0.7 100.0 1.18 
Experiment 4, o i l  86.5 8.9 0.9 2.7 0.6 99.6 1.24 

TABLE 4 
PROTON NMR INTEGRATION VALUES 

Experiment Number 

Hydrogen Type 

Chemical 
S h i f t  
(PPml 

Hydrogen-Type D i s t r i b u t i o n  ( % I  
1E 2 2 3 4 

( O i l )  (L iqu id )  ( O i l )  ( O i l )  ( O i l )  

Condensed aromatic, 
4+ r i n g s  

Condensed aromatic, 
2-3 r ings  

Aromatic s ing le  
r i n g  

Phenolic OH 
a2-a1 i p h a t i c  
a -a l iphat ic  
O-a1 i p h a t i c  
Y-al iphat ic 

7.85 

7.2-7.85 

6.8-7.2 
6.3-6.8 
3.7-4.2 
2 .O-3.7 
1 .o-2.0 
0.5-1 .O 

4.0 2.5 3.1 1.5 1.4 

10.1 10.4 10.5 7.7 6.4 

4.7 6.7 6.6 6.8 5.4 
1.4 5.2 7.2a 2.8 3.1 
1.8 2.1 0.9 1.1 0.6 

33.9 30.7 29.7 32.3 28.5 
35.4 34.4 33.2 36.9 39.3 
8.7 8.0 8.8 10.9 15.3 

~~ 

aIncludes 2.3% cont r ibu t ion  from 4.2 t o  5.2-ppm region. 
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TABLE 5 

OF HYDROGEN TYPES 
MODERATE TEMPERATURE VS TWO-STAGE LIQUEFACTION-CORARISON 

Hydrogen Distr ibut ion ( % I  

Single A1 iphat ics  
Y i e l d  Condensed Ring 

O i l  Product From ( X )  Aromatic Aromatic a I3 Y 

Moderate temperature 

Two-stage 1 i quef actionb 
1 iquefactiona 72 14 6 36 35 9 

ExtractC 41 27 14 28 29 4 
Process solventc 48 26 10  24 35 3 

:Pittsburgh seam c o a l ,  C = 80.1% 
I l l i n o i s  No. 6 coal ,  C = 79.2% (from Ref. 4 )  

C - ~ ~ G O C  d i  s t i i  a t e  

T 

I 
/ 
/ 
/ 

7.22 CHC13 / 

I i i i i i l i  
10 8 6 4 2 Q (ppm) 

CHEMICAL SHIFT (6) 

I 
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COAL PROCESSING I N  NON-DISSOLVING MEDIA 

Myron Kaufman, W. C. L. Jamison. S. Gandhi and Dennis L i o t t a  

Department of Chemistry, Emory Universi ty .  Atlanta .  Georgia 30322 

In t roduct ion  

I f  coa l  is contacted with an organic  reagent  i n  a medium i n  which t h e  reagent  is 
marginal ly  so luble ,  there  may be a tendency f o r  t h e  reagent  t o  t r a n s f e r  t o  t h e  pores 
and sur faces  of t h e  coa l ,  where i t  has  maximum u t i l i t y  f o r  r e a c t i o n s  which cleave the 
coa l  macromolecular network. Thus, i n  such media i t  may be poss ib le  t o  employ lower 
concentrat ions of reagents  than would be required i n  t o t a l l y  so luble  systems. I f ,  i n  
addi t ion ,  coa l  fragments a r e  inso luble  i n  the  processing medium, t h e  c o a l  p a r t i c l e s  
w i l l  be recovered i n t a c t  a f t e r  processing. The reagent  can then be washed from t h e  
coa l ,  and coa l  conversion assessed a s  s o l u b i l i t y  i n  a s tandard so lvent .  
reagent i s  not  present  when s o l u b i l i t y  is measured, conversion should be independent 
of the  so lvent  p r o p e r t i e s  of the  reagent ,  and only dependent on i t s  a b i l i t y  t o  break 
bonds during processing. In  OUT work. we have focused on t h e  reagent 1,2,3,4-tetra- 
hydroquinoline (THQ). which has  t h e  unusual a b i l i t y  t o  d i s r u p t  coa l  macromolecules 
under mild condi t ions (20O-25O0C). A number of previous workers have commented on 
the  e f f i c a c y  of THQ as a coa l  solvent  and have a t t r i b u t e d  i t  t o  e i t h e r  t h e  b a s i c i t y  o r  
the  hydrogen-donating property of t h i s  molecule (1-3). 
media, perf luorocarbon l i q u i d s  and water ,  have been employed i n  our  s t u d i e s .  

S ince  t h e  

Two types  of non-dissolving 

Experimental 

The peKflUOrOCaKbOn l i q u i d s  used i n  our experiments a r e  t y p i f i e d  by FC-70 (3M 
Corp.). a mixture of per f luor ina ted  t e r t i a r y  a l i p h a t i c  amines, wi th  a b o i l i n g  point  
of 215'C. and CO, bu t  very low room 
temperature s o l u b i l i t y  f o r  both polar  and nonpolar organ3c molecules. Recently, we 
have performed some experiments i n  water ,  which is a n  i n t e r e s t i n g  medium, s i n c e  i t s  
s o l u b i l i t y  p r o p e r t i e s  can be var ied  by ad jus t ing  pH. 

FC-70 has high s o l u b i l i t y  f o r  gases  such as H 

Three very d i f f e r e n t  coa ls ,  with t h e  p r o p e r t i e s  given i n  Table 1. a r e  used i n  
OUK experiments. 
heated i n  a s t a i n l e s s  tubing bomb under 8 MPa of H2. Detai led procedures f o r  carrying 
out the  reac t ions  and f o r  removal of THQ before  measuring t h e  pyr id ine  s o l u b i l i t y  of 
t h e  coa l  have been given (4.5). Model compound s t u d i e s  were c a r r i e d  out  i n  FC-70 with 
roughly equal  weights of the  model compound and THQ (or  o ther  reagent) .  
rence and na ture  of r e a c t i o n  was assessed by t h i n  l a y e r  chromatography and 90 MHz 

Typical ly ,  0.59 of coa l ,  0.lg of  THQ and 7 m l  of FC-70 o r  w a t e r  a r e  

The occur- 

proton NMR. 

PSOC Designation 

Moisture ( X )  
Ash ( X  on dry b a s i s )  
V o l a t i l e  Matter ( X  MAF) 
c ( X M A F )  
H ( X  MAF) 
N ( X  MAF) 
S ( X  MAF) 
0 (by d i f fe rence)  

Table 1. Coal P r o p e r t i e s  

1104 - 
1.95 
3.43 

43.83 
84.47 
5.66 
1.46 
1.86 
6.48 

247 - 
30.36 
11.29 
46.22 
74.44 
4.93 
1.49 
0.53 
18.61 

1104 - HVA bituminous coa l  from Elkhorn #3 Seam 
247 - North Dakota l i g n i t e  A from Noonan Seam 
1098 - I l l i n o i s  86 coal  

1098 

4.19 
15.86 
41.78 
80.20 
5.73 
5.73 
4.73 
7.89 

- 

39 



Resul t s  

As previously repor ted ,  t h e  pyr id ine  s o l u b i l i t i e s  of th ree  very d i f f e r e n t  coa ls  
were increased t o  33-35% by long-term (18 hour) hea t ing  a t  25OoC with THQ i n  FF-70. 
For each coa l ,  the  k i n e t i c s  were f i r s t - o r d e r  with r a t e  constant  of ca. 0.6 h r  , and 
not mass-transport l i m i t e d ,  a s  ind ica ted  by l a c k  of dependence on p a r t i c l e  s i z e .  A 
number of o ther  reagents  were evaluated concerning t h e i r  a b i l i t y  t o  increase  coa l  
conversion under the  mild condi t ions  employed i n  these  experiments. Quinoline, 
diethylamine, t r ie thylamine ,  ethylenediamine and t e t r a l i n  a l l  produced less than 6% 
increase i n  the pyr id ine  s o l u b i l i t y  of a bituminous c o a l  heated a t  25OoC f o r  4 hours, 
while THQ produced almost a 20% increase  under these  condi t ions.  

I n  order  t o  determine t h e  na ture  of the bonds i n  c o a l  t h a t  were being cleaved by 
THQ under our  mild condi t ions ,  a number of model compounds were heated with THQ in  
FC-70 under condi t ions i d e n t i c a l  t o  our coa l  experiments. These model compounds 
consis ted of phenyl groups connected by var ious  l inkages  t h a t  have been discussed as 
being of some importance i n  the  coa l  macromolecular s t r u c t u r e .  The r e s u l t s  of these  
s t u d i e s  a r e  given i n  Table 2. For t h e  two model compounds f o r  which r e a c t i o n  w a s  
noted (diphenyldisulf ide and phenyl benzoate), t h e  r e a c t i o n s  with t e t r a l i n  and 
diethylamine were a l s o  inves t iga ted .  

Two o t h e r  media were employed t o  he lp  understand t h e  e f fec t iveness  with which 
small  addi t ions  of THQ increase  coa l  conversion i n  perf luorocarbon l i q u i d s .  Dodecane 
has  a similar b o i l i n g  poin t  t o  FC-70, but  considerably g r e a t e r  s o l u b i l i t y  f o r  THQ. 
It is probably only an e f f e c t i v e  e x t r a c t i o n  medium f o r  f r e e  sa tura ted  hydrocarbons i n  
coa l .  Water, on the  o t h e r  hand, while  i t  has  very low s o l u b i l i t y  f o r  THQ. can dis-  
so lve  s t rongly  polar  and highly a c i d i c  o r  bas ic  components of coa l .  When bituminous 
coa l  w a s  t r e a t e d  with THQ a t  250°C f o r  4 hours i n  dodecane only 2% increase  i n  coal  
pyr id ine  s o l u b i l i t y  was  obtained. With n e u t r a l  pH water  t h e  r e s u l t s  were very similar 
t o  what w a s  obtained wi th  FC-70. 
ind ica ted  by its l i g h t  c o l o r .  However, a f t e r  washing out  t h e  THQ and water, t h e  pyri-  
dine s o l u b i l i t y  of t h e  c o a l  w a s  found t o  have increased by ca. 20%, a value very c lose  
t o  t h a t  achieved with THQ under s i m i l a r  condi t ions .  Somewhat d i f f e r e n t  r e s u l t s  were 
obtained when a s t r o n g l y  b a s i c  (ca. 1M NaOH) s o l u t i o n  was'employed. In  t h i s  case,  t h e  
aqueous phase w a s  very dark ,  but  the  remaining c o a l  had only the  pyridine s o l u b i l i t y  
of  unprocessed coa l .  

Very l i t t l e  of t h e  coa l  dissolved i n  t h e  water ,  a s  

Discussion 

Comparison of t h e  r e s u l t s  i n  FC-70, water and dodecane ind ica te  t h a t  i t  is the 
marginal  s o l u b i l i t y  of THQ i n  t h e  f i r s t  two of t h e s e  media t h a t  permits  low concen- 
t r a t i o n s  of t h i s  reagent  t o  produce s u b s t a n t i a l  increases  i n  coa l  s o l u b i l i t y .  
envis ion  t h a t  i n  FC-70 and water ,  THQ s e l e c t i v e l y  t r a n s f e r s  i n t o  the pores  and onto 
the  sur faces  of the  c o a l ,  while i n  dodecane i t  maintains  a more uniform and low 
concent ra t ion  throughout t h e  system. 

We 

Although t h e  model compound s t u d i e s  have not  probed a l l  poss ib le  bonds i n  coal  
macromolecules. our  r e s u l t s  suggest  t h a t  only e s t e r  and d i s u l f i d e  bonds a r e  suscep- 
t i b l e  t o  a t t a c k  by THQ under the  mild condi t ions of our experiments. In  both cases 
the  i n i t i a l  mode of r e a c t i o n  appears t o  be  nuc leophi l ic  a t t a c k  by the  n i t rogen  lone 
p a i r .  followed by bond s c i s s i o n  and hydrogen donat ion i n  e i t h e r  a concerted o r  suc- 
cess ive  manner. 
reac t ions .  The t h i o l  produced wi th  t e t r a l i n  and d iphenyld isu l f ide  probably r e s u l t s  
from thermal s c i s s i o n  of the  d i s u l f i d e ,  followed by hydrogen a b s t r a c t i o n  by t h e  t h i o  
r a d i c a l .  Small amounts of t h i o l  a r e  formed when the t e t r a l i n  is omitted i n  t h i s  
experiment. In t h i s  case ,  wi th  only H2 a v a i l a b l e  a s  a hydrogen donator ,  many of the 
t h i o  r a d i c a l s  probably recombine. 
d i s u l f i d e  bonds, it i s  n o t  s u r p r i s i n g  t h a t  t h e r e  is l i t t l e  reac t ion  between t e t r a l i n  
and phenyl benzoate a t  250°C. Diethylamine should be a more potent  nucleophi le  than 

Since t e t r a l i n  is not  a nucleophi le ,  i t  cannot i n i t i a t e  s i m i l a r  

Since ester bonds a r e  considerably s t ronger  than 
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TABLE 2 MODEL COMPOUND STUDIES 

Substrates 

Reactants 

I Tetralin 
O S H  

100% 

No Reaction 

50 % substrate recovered Diethylamine 

100% 

Conditions: 4 hrs at 250 C in FC-70 with 7 MPa HP. 
Black, insoluble material was formed 

The following substrates did not react with THQ under these conditions: 

t 

ossa produced 15 % thiophenol when all reactants were omitted 
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THQ. and indeed it does react with both diphenyldisulfide and phenyl benzoate at rates 
comparable to THQ. 
material that we have not yet been able to identify.) 

(The product of the disulfide reaction is a black, insoluble 

In attempting to chose between esters and disulfides as the predominant bonds 
broken by THQ i n  our experiments, we must rationalize the observed attack of diphenyl- 
disulfide by tetralin and both diphenyldisulfide and phenyl benzoate by diethylamine, 
while neither of these reagents are substantially effective in increasing coal solu- 
bility. Since tetralin has a similar boiling point and aromaticity to THQ, it is 
very difficult to explain the tetralin results i f  disulfide bonds are predominant. 
Diethylamine, however, with its lack of aromatic character, might find the coal 
environment much less favorable for selective partitioning. In addition, the high 
volatility of diethylamine would result in a substantial partitioning into the gas 
phase. 
we prefer ester bonds as the primary linkages being attacked in our coal experiments. 
The surprising result that three very different coals all achieved very similar ulti- 
mate solubility upon long-term reaction with THQ in FC-70 at 25OoC could most easily 
be explained by the postulate that these coals in their early stages of development 
all had similar concentrations of ester bonds in their macromolecular networks. At 
the so-called first coalification step, which occurs at ca. 78% carbon, coals lose 
CO., much cf which cmes from ester bonds, and the destruction of these bonds could 
aczount for the higher initial solubilities of PSOC 1098 and 1104. 
have reported that while low-rank coals contained ester bonds that could be broken in 
reactions with primary amines at temperatures of 120-180°C, no such bonds were found 
in medium and high-rank coals (6). Our work suggests that there are additional ester 
bonds in medium-rank coals that can be attacked by THQ at 250'C. 

Thus, the ineffectiveness of diethylamine with coal can be rationalized, and 

Van Bodegam etal. 

In both FC-70 and water, the amides generated by reaction of THQ with ester bonds 
in coal would show very little solubility, and thus it is not surprising that the coal 
does not dissolve in these media. With strongly basic water, however, further saponi- 
fication of the amide occurs, with ionization of the resulting acids. The aqueous 
phase in this experiment therefore dissolves large concentrations of the coal 
fragments. 
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Abstract 

Superc r i t i ca l  water  e x t r a c t i o m  were performed on low-rank coals u t i l i z i n g  a 
semiconti nuous s u p e r c r i t i c a l  so l  vent e x t r a c t i o n  system. Percent conversions ranged 
fran 40% t o  5oX wh i le  ex t rac t  y ie lds  ranged f r a n  10% t o  30% a t  38OOC. The 
conversions and ex t rac t  yi el ds i ncreased w i t h  i ncreasi ng operat i  ng temperature and 
pressure. The conversions also decreased w i t h  i nc reas ing  coal rank and co r re la ted  
we l l  with t h e  percent v o l a t i l e  mat ter  i n  t h e  coals. 

Organic analyses o f  t h e  r e s u l t i n g  e x t r a c t s  have inc luded separations i n t o  
pentane, methylene c h l o r i d e  and methanol so lub le  f r a c t i o n s  by s h o r t  column 
chranatography, 200 MHz pro ton  NMR, I R  spectroscopy and c a p i l l a r y  gas 
chromatography. Proximate and u l t ima te  analyses i ndicated t h a t  supercr i  t i c a l  water 
ex t rac ts  the  v o l a t i l e ,  hydrogen-rich f r a c t i o n  of t h e  coal. Organic analyses show 
t h a t  t h e  ex t rac t  i s  h i g h l y  po la r  i n  nature w i t h  s i g n i f i c a n t  q u a n t i t i e s  of phenols 
and long-chain a l i p h a t i c  f a t t y  acids. 

I n t roduc t i on  

I n t e r e s t  i n  t h e  e x t r a c t i o n  of solutes w i t h  s u p e r c r i t i c a l  so l ven ts  has been 
increas ing r a p i d l y  over t h e  past f i f t e e n  years. This i n t e r e s t  i s  p r i m a r i l y  due t o  
t h e  enhanced s o l u b i l i t y  of substrates i n  t h e  f l u i d  phase t h a t  occurs a t  o r  above t h e  
c r i t i c a l  po int .  It has on ly  been i n  t h e  l a s t  f e w  years t h a t  cons iderable research 
has addressed t h e  use of s u p e r c r i t i c a l  water  as a so lvent  sui t a b l e  f o r  ob ta in ing  
h igh  y i e l d s  of env i ronmenta l ly  acceptable f u e l s  and chemical feedstocks fran coal  
(1, 2, 3 ) .  Under ambient condi t ions,  organics and water are genera l ly  immiscible. 
However, as water approaches i t s  c r i t i c a l  po in t ,  t h e  s o l u b i l i t y  of organics i n  water 
increases d r a s t i c a l l y  (4, 5 )  wh i l e  t h e  s o l u b i l i t y  of inorganics i n  water 
substanti  a l l y  decreases (6). These s o l u b i l i t y  changes c o n t r i b u t e  t o  t h e  potent i  a1 
o f  s u p e r c r i t i c a l  water  t o  ob ta in  h igh y ie lds  of r e l a t i v e l y  ash-free hydrocarbons 
fran coal .  In addi t ion,  o ther  i n v e s t i g a t i o n s  have shown t h e  p o t e n t i a l  f o r  
increas ing supercri  t i c a l  water  yi e l &  even f u r t h e r  through t h e  a d d  t i o n  of a 
reducing agent such as CO o r  H2S t o  t h e  s u p e r c r i t i c a l  water system (7,  8, 9). 

The ob jec t i ve  of t h i s  research was t o  i n v e s t i g a t e  t h e  use of water as a cheap 
s u p e r c r i t i c a l  e x t r a c t i o n  so lvent  f o r  o b t a i n i n g  env i ronmenta l ly  acceptable l i q u i d  
f u e l s  and chemical feedstocks f r a n  coal and attempt t o  use s u p e r c r i t i c a l  so lvent  
ex t rac t i on  as a means f o r  detennini ng t h e  composit ion o f  various molecular f r a c t i o n s  
present i n  low-rank coals. 

Experimental Procedure 

Supercri t i c a l  water  e x t r a c t i o m  were performed us ing a semicontinuous e x t r a c t i o n  
system i n  vhich deionized water under s u p e r c r i t i c a l  condi t ions was passed through a 
f i x e d  bed of coal. The coals used i n  t h i s  experiments inc luded t h e  I n d i a n  Head, 
Center, and Mar t i n  Lake l i g n i t e s  along w i t h  Sarpy Creek and Wyodak subb i tum inws  
coals. Proximate and u l t i m a t e  analyses f o r  these coals a r e  shown i n  Table I. k 
shown i n  Table I ,  t h e r e  was a d i f f e rence  between t h e  beginning ard ending samples of 
t h e  Ind ian Head l i g n i t e  used i n  these experiments. F igure 1 i s  a f lowsheet  of t he  
s u p e r c r i t i c a l  so lvent  e x t r a c t i o n  system as i t  was used f o r  most of t h e  s u p e r c r i t i c a l  
water experiments. I n  t h i s  s y s t q ,  a f i x e d  bed of coal was detained by s in te red  
metal f r i t s  i n  a hor izonta l  sect ion of h igh  pressure t u b i  ng. 
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I I 

oven was used t o  heat the solvent and extraction vessel t o  temperature a t  20°C/min., 
a f t e r  which a pulseless flow of solvent was s ta r ted  through the  system. The 
extracted organics and solvent then passed through a back pressure regulator where 
the precipitated extract was collected i n  a heated sample cylinder while t h e  
vaporous solvent and l igh t  gases were collected i n  chilled sample vessels. The 
volume of noncondensable product gas was measured and collected for  analysis. 

Analytical Procedure 

After each experiment, any water remaining i n  the  extract sample cylinder was 
f i l t e r ed  fran the  solid extract and selected samples of the  recovered water solvent 
were analyzed by gas chraatography f o r  t h e i r  concentrations of water soluble 
organics. The solid extract  was washed f ran  the  sample cylinder w i t h  acetone and 
the extracted coal residue and solvent-extract mixture were then rotary vacuum 
dis t i l l ed  t o  remove the solvent. This procedure allowed a re la t ive ly  moisture-free 
product to  be obtained f o r  material balance purposes. Residues were analyzed by 
thermogravimetric analysis (TGA) and proximate and ultimate analyses were performed 
on selected samples. 

Discussion and R e s u l t s  

The operating condi tions and the corresponding results of these supercri t i ca l  
water extractions are shown i n  Tables I 1  and 111. The effect  of extraction time on 
percent conversions i s  shown i n  Figure 2. T h i s  f igure  indicates tha t  the percent 
conversions increase l inearly w i t h  an increase in  coal residence time u p  t o  
approximately 45 mirutes a f t e r  which the conversions leveled off a t  42% t o  43%. 
A vacuum dried sample (0.65 wt% moisture) was also extracted f o r  60 minutes w i t h  
supercrit ical  water a t  s imi la r  operating conditions and resulted i n  a 33.5% 
conversion. This lower conversion was due t o  a sample s i ze  effect  s ince  drying t h e  
coal resulted i n  a 60% la rger  sanple of maf coal being extracted. A conversion of 
44.Z was obtained for a separate r u n  usi ng a vacuum dried coal a; longer residence 
times which indicated t h a t  no advantage resulted i n  extracting as received" coals 
w i t h  t h e i r  inherent moisture already present i n  t h e  sample's porous s t ruc ture .  
Also, considering tha t  a 33% larger  sample of maf coal was being extracted, the  
s l igh t ly  higher conversions obtained fo r  t he  supercrit ical  water experiment 
performed a t  a flow r a t e  of 240 cc/hr suggests tha t  an increase i n  the  solvent flow 
ra te  increased the  ra te  of extraction. 

The effects of operating tenperature and pressure on the resulting conversions 
was investigated using operati ng temperatures of 38OOC or 44OOC (Tr = 1.01 o r  1.10) 
while t he  operating pressures used were 3265. 4013, o r  4815 psia (Pr = 1.02, 1.25, 
1.50). Results of these experiments are summarized i n  Table 11. Figure 3 i s  a plot  
of the reduced pressure versus the  percent conversion a t  both operating 
temperatures. This figure indicates t h a t  a small increase i n  the  conversions was 
obtained w i t h  a n  increase i n  the operating tenperature. The conversion also 
displayed a larger increase w i t h  increasing pressure u p  t o  4000 psia. Above 4000 
psia, there appeared to  be no effect  on the resulting conversions. This increase i n  
conversions i s  the  resu l t  of a large increase i n  solvent density caused by the  
increased pressure. The increase i n  conversion w i t h  higher tenperature was the 
result  increasing thermal decomposition or reactions of the l i gn i t e  i n  t h i s  
temperature region. The product gas canpositiom and yields appeared t o  be only 
temperature and coal dependent and were not affected to  any large degree by 
operating pressure or solvent flow rate. 

Table 111 shows the  effect  coal rank had on the percent conversion obtained 
using supercrit ical  water a t  38OOC and pressures of e i the r  3265 o r  4013 psia. For 
canparison purposes, supercrit ical  water e%perimentS were also performed on a Red 
Lake Peat and a biomass sample and the  results are also displayed i n  Table 111. 
These results suggest tha t  there is  a high degree of correlation between the percent 
conversions obtained using supercrit ical  water and the  amount of vola t i le  matter 
present in the s ta r t ing  coal. 
Great Britain 's  National Coal Board i n  which percent conversions using supercr i t ica l  
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This finding i s  consistent w i t h  results reported by 
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to luene also co r re la ted  w e l l  w i t h  v o l a t i l e  ma t te r  of t h e  origi nal coal (10). As a 
r e s u l t ,  t h e  conversions decreased w i t h  an increase i n  coal rank. This increase i n  
conversions which occurred i s  t h e  r e s u l t  of t h e  increased concentrat ion of thermal ly  
l a i b l e  car%ohydrate, l ign in  o r  l i gn in -de r i ved  canponents h i c h  e x i s t  i n  t h e  l i g n i t e ,  
peat, and biomass. 

v i  t r a i n ,  durain, 
and fusa in  were performed. Approx inate ly  12 t o  15 gram of each l i t h o t y p e  were 
microscopica l ly  separated. The conversions obtained f o r  t h e  v i t r a i n  and dura in 
f r a c t i o n s  ( r h i c h  make up approximately 50 and 45 w t %  of t h e  o r i g i n a l  I nd ian  Head) 
were found t o  be s i m i l a r  to  those obtained us ing  t h e  o r i g i n a l  I nd ian  Head l i g n i t e  as 
shown i n  Table 111. Table 111 a lso shows t h a t  t h e  conversion of t he  f u s a i n  p o r t i o n  
( ~ 5 %  of t h e  o r i g i n a l  I n d i a n  Head) was s i g n i f i c a n t l y  l e s s  than t h a t  f o r  t h e  o r i g i n a l  
l i g n i t e .  These r e s u l t s  agree wi th  other  repor ted r e s u l t s  i n  r h i c h  vi  t r a i n s  and 
dura i  r6 have been found t o  be h i g h l y  suscep t ib le  t o  l i q u e f a c t i o n ,  ( i  .e., suscept ib le  
t o  thermal cleavage and r e a c t i o n  with hydrogen) M i l e  f u s a i n  has been found t o  
behave as more of an i n e r t  materi  a1 (11). The yi e l &  of water-soluble organics fran 
these l i t ho types  and t h e  o r i g i n a l  l i g n i t e  a r e  shown i n  Table I V .  As shown, t h e  
v i  t r a i n  f r a c t i o n  conta i  ns considerably  more of t he  oxygenated water-so lub le v o l a t i l e  
compounds (i.e., acetone, m t h a n o l .  and phenol) than t h e  o r i g i n a l  I nd ian  Head, whi le  
t h e  du ra in  f r a c t i o n  contains s l i g h t l y  l ess  of these conpounds than the  o r i g i n a l  
l i g n i t e .  The concentrat ions of these compounds i n  t h e  f u s a i n  f r a c t i o n  were very 
smaii  canpared t o  t h a t  OF t h e  o r i g i  nal l i g n i t e .  

Supercri t i c a l  wa te r  ext ract ions of t h e  I n d i a n  Head li thotypes; 

TABLE I V .  Percent Y ie lds  of V o l a t i l e  Canponents Found i n  Recovered Superc r i t i ca l  
Water Sol vent 

Supercri t i c a l  Water Ex t rac t i on  
Ind i  an Indi an Indi an 

Ind ian  Sa rpy He ad He ad tie ad 

Phenol 0.63 0.21 1.14 0.48 0.14 
o-Cresol 0.17 0.06 0.20 0.10 0.05 
m,p-Cresol 0.17 0.13 0.22 0.18 0.05 
Tota l  Phenolics 0.97 0.40 1.56 0.76 0.24 
Methanol 0.80 0.04 1.32 0.22 -_  
Acetone 0.91 0.42 3.93 0.70 0.15 
MEK 0.25 0.10 0.12 0.14 0.05 

Tot a1 2.93 0.96 6.93 1.82 0.44 

Component Head 2 Creek V i  t r a i n  Ourai n - 

As shown i n  Table 111, a speci a1 experiment was performed us ing a 90-10 mole% 
mixture of water-carbon rmnoxide t o  e x t r a c t  I nd ian  Head l i g n i t e  a t  383OC and 3300 
ps ia .  The purpose of t h i s  experiment was t o  determine what e f fects  t h e  add i t i on  of 
a rediici ng gas such as CO has on t h e  molecular canposi t ion of t h e  ext ract .  The 
conversion ard y i e l d s  obtained were s i m i l i  a r  t o  those obtained f o r  an experiment 
us ing  pure water under s i m i l a r  condi t ions.  

Results Fran Analysis of Supercri t i c a l  Water Residues and Ex t rac ts  

Proximate and u l t i n a t e  analyses of selected residues and ext racts  from 
s u p e r c r i t i c a l  water  and t h e  o r i g i n a l  I n d i a n  Head a r e  shown i n  Table V. The 
proximate analys is  i ndi cates t h a t  t h e  supercr i  t i c a l  water ex t rac t  conta i  115 a 
s i g n i f i c a n t l y  h igher  f r a c t i o n  of v o l a t i l e  mat ter  wh i l e  t h e  residue contains a 
s i g n i f i c a n t l y  lower  f r a c t i o n  o f  v o l a t i l e  matter than t h e  o r i g i n a l  Ind ian Head. The 
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u l t i m a t e  analysis shows t h a t  t h e  ex t rac t  had a lower C/H r a t i o  than t h e  o r i g i n a l  
I n d i a n  Head whereas t h e  res idue had a h i g h e r  C/H r a t i o  than t h e  o r i g i n a l  I nd ian  
Head. These analyses i n d i c a t e  t h a t  t h e  hydrogen-rich, lower  molecular  weight 
p o r t i o n  of t h e  l i g n i t e  i s  being ext racted whi le  leav ing a h i g h l y  carbonacews 
residue. 

The analyses a l so  i n d i c a t e  t h a t  t h e  mineral mat ter  i s  concentrated i n  t h e  
res idue whi le  a r e l a t i v e l y  ash-free ex t rac t  i s  obtained. Table V compares t h e  
prox imate and u l t i m a t e  analyses of t h e  residues and ex t rac ts  f o r  runs us ing 
s u p e r c r i t i c a l  water and t h e  s u p e r c r i t i c a l  w a t e r 4 0  mixture. The C/H r a t i o  i s  
s u b s t a n t i a l l y  lower  f o r  t h e  run us ing t h e  H20-CO mix tu re  which suggests t h e  poss ib le  
add i t i on  of HE, r h i c h  was generated by t h e  water-gas s h i f t  react ion,  t o  t h e  ex t rac t .  

Thermogravimetric analyses were performed i n  argon on samples of t h e  o r i g i n a l  
coa l  and s u p e r c r i t i c a l  water residues us ing a heat ing r a t e  of 20°C/min. and a f i n a l  
temperature of 900OC. The weight - tenperature p r o f i l e s  i nd i ca ted  t h a t  x.20 w t %  of t h e  
s u p e r c r i t i c a l  residues were v o l a t i l i z e d  wh i l e  approximately 41% of t h e  o r i g i n a l  coal  
would v o l a t i l i z e  under t h e  sane condi t ions.  The d i f f e r e n t i a l  weight 105s curves f o r  
two s u p e r c r i t i c a l  water residues and t h e  o r i g i n a l  I nd ian  Head l i g n i t e  are shown i n  
F i g u r e  4. This f i g u r e  i nd i ca tes  t h a t  s u p e r c r i t i c a l  water  has ex t rac ted  most of t h e  
compounds which would d e v o l a t i l i z e  below -.55OoC, thus, concentrat ing t h e  h ighe r  
molecular  weight ma te r ia l  i n  t h e  residue which r e s u l t s  i n  t h e  h ighe r  d i f f e r e n t i a l  
weight 105s curve a t  temperatures above 55OOC. 

Analysis of a s u p e r c r i t i c a l  water  ex t rac t  was c a r r i e d  out us ing chranatographic 
separations, i n f r a r e d  (IR), and nuc lear  magnetic resonance (NMR) spectroscopy. The 
e x t r a c t  was separated i n t o  th ree  f r a c t i o n s  by shor t  column chranatography on s i l i c a  
gel. The f i r s t  f r a c t i o n  was separated by successive e l u t i o n  w i th  pentane and then  
isooctane. This f r a c t i o n  was found t o  make up approximately 5% o f  t h e  ex t rac t  and 
t h e  NMR spect ra showed t h a t  t h i s  f r a c t i o n  consis ted on ly  of a l i p h a t i c  mater ia ls .  
Th i s  f r a c t i o n  was analyzed by c a p i l l a r y  column gas chrmatography and was found t o  
con ta in  a ser ies of alkanes and alkenes i n  t h e  range o f  C-18 t o  C-34. The presence 
o f  t h e  alkenes i nd i ca tes  t h a t  thermal crack ing i s  occurr ing but  t h e  r e l a t i v e  amounts 
o f  t h e  alkanes a l t e r n a t e  as t h e  carbon chain increases i n  t h e  ser ies,  h i c h  suggest 
t h a t  the cracki ng was mi nimal, perhaps confined t o  reactions near t h e  ac id  o r  es te r  
f unc t i on .  Also, t h e  predominance of t h e  odd-number chains and t h e  h i g h  
concentrat ion of C02 i n  t h e  product gas i n d i c a t e  t h a t  a s i g n i f i c a n t  amount of 
decarboxy lat ion was occu r r i  ng. 

The second f r a c t i o n  was separated by e l u t i o n  w i t h  methylene c h l o r i d e  and was 
found t o  make approximately 26% of t h e  ext ract .  Some i d e n t i f i e d  i n d i v i d u a l  
hydrocarbons i nclude phenanthrene, f luorene,  anthracene, pyrene, benzofluorenes, and 
f luoranthene. The NMR spectrum shown i n  F igu re  5 a lso suggests t h e  poss ib le  
presence of es te r  groups between 3.8 and 4.0 ppm. The l a s t  f r a c t i o n  was obtained by 
e l u t i o n  w i t h  methanol and was found t o  make up t h e  m a j o r i t y  (&9-70%) of t h e  
ex t rac t .  The NMR and IR spect ra on t h i s  f r a c t i o n  i n d i c a t e  t h e  presence of phenolics 
and long chain a l i p h a t i c  acids. 

Table V I  shows some of t h e  i n d i v i d u a l  coal-derived canpounds which have been 
i d e n t i f i e d  and t h e i r  approximate y ie lds.  These y i e l d s  i nd i ca tes  t h a t  t h e  i d e n t i f i e d  
phenol ics  cons t i t u ted  a smal l  f r a c t i o n  ( f r a n  -2.9% t o  0.8%) o f  t h e  s u p e r c r i t i c a l  
water ext racts .  The dependence of phenol y i e l d s  i n  t h e  e x t r a c t  on coal type i s  
not iceable wi t h  t h e  Wyodak subbi tumi nous coal genera l ly  yi el d i  ng h igher  
concentrat ions of phenols i n  t h e  ext ract .  The d i s t r i b u t i o n  of t h e  i n d i v i d u a l  
phenols i s  e s s e n t i a l l y  i d e n t i c a l  f o r  t h e  th ree  coals, i n d i c a t i n g  t h a t  they o r i g i n a t e  
from the same type of subs t ruc tu re  i n  t h e  coal and t h a t  t he  react ions r h i c h  re lease 
them during s u p e r c r i t i c a l  water  e x t r a c t i o n  must be i d e n t i c a l .  Thus, t h e  r a t i o  of 
t h e  phenol y i e l d s  i n  t h e  t h r e e  coa ls  must r e s u l t  frm d i f f e r e n t  amounts of t h e  
subs t ruc tu re  i n  t h e  coals  (probably i n  t h e  same r a t i o ) .  
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TABLE V I .  
i n  Supercri t i c a l  Water Ext racts  Obtai ned a t  380°C and 4013 ps ia  

I d e n t i f i c a t i o n  and Determination o f  Yields f o r  Ind iv idual  Compounds 

Ind ian Head 
% Y i  el ds (mcf) 

I n  I n  
Compound Extract  

Methanol 
Acetone 
Acetoni tri l e  
Methyl Ethyl Ketone 
Propi oni tri l e  
Catechol 

Phenol 
o-cresol 
m-cresol 
p-cresol 
2.6-diMePhe 
2-EtPhe 
2,4-di MePhe 
2,5-di MePhe 
2,3-diMePhe 
4-McGuai gcol 
2,4,6-tri MePhe 
2,3,6-tri MePhe 
2,4,5-tri MePhe 

4-Indanol 
5-Indanol 

2,3,5,6-tetraMePhe 
1-Napthol 
2- Na p t  hol 

Tot a1 

ND 
ND 
NO 
ND 
ND 
NO 

0.028 
0.022 
0.030 
0.030 
0.002 
0.002 
0.013 
0.019 
0.009 
0.010 
0.007 
0.001 
0.004 

0.009 
0.001 
0.002 
0.009 

0.198 

t 

Water 
0.649 
0.607 
0.001 
0.160 
0.034 
0.202 

0.362 
0.101 
0.110 
0.118 

NO 
ND 
NO 
NO 
NO 
NO 
NO 
ND 
ND 
NO 
NO 
ND 
ND 
ND 

2.343 

Wyodak 
% Yields (mcf) 

I n  I n  
Water - Extract  

FID 
NO 
ND 
ND 
NO 
ND 

0.075 
0.062 
0.067 
0.007 
0.034 
0.045 
0.045 
0.018 
0.018 
0.003 
O t  

0.003 
0.006 
0.007 
0.012 
0.003 
0.006 
0.018 

0.426 

0.113 
0.538 
0.001 
0.170 
0.005 
0.151 

0.340 
0.104 
0.094 
0.122 

ND 
ND 
ND 
ND 
ND 
ND 
NO 
NO 
ND 
ND 
ND 
NO 
ND 
ND 

1.638 

Mart in  Lake 
% Y ie ld  (mcf) 

I n  I n  
Extract  Water - -  

ND 
ND 
ND 
ND 
ND 
ND 

0.026 
0.020 
0.024 
0.022 

0.010 
0.017 
0.006 
0.006 

0 

0 
0.020 

0 
0.012 

t 

t 

t 
t 

0.012 

0.155 

0.421 
0.568 
0.005 
0.176 
0.020 
0.157 

0.167 
0.049 
0.049 
0.059 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

1.670 

t - t race 
ND - not  detected 

t 
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F i g u r e  1. Flowsheet f o r  t h e  
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senicontinuous supercri  t i c a l  s o l v e n t  e x t r a c t i o n .  

F igure  2. E x t r a c t i o n  t i m e  and f l o w  r a t e  e f f e c t s  on s u p e r c r i t i c a l  water  e x t r a c t i o n .  
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F i g u r e  3. E f f e c t  of operat ing pressure  and t m p e r a t u r e  on conversion of I n d i a n  Head 
l i g n i t e  w i t h  s u p e r c r i t i c a l  water.  
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F i g u r e  4. D i f f e r e n t i a l  weight  loss curves f o r  two s u p e r c r i t i c a l  water  residues and 
t h e  o r i g i n a l  c o a l .  
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Figure 5 .  200 MHz proton NNR of three fractions of a supercrit ical  water extract 
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REACTIONS OF COAL A N D  COAL MODEL COMPOUNDS WITH SUPERCRITICAL WATER 

MICHAEL A.  MIKITA A N D  HOWARD T. FISH 
UNIVERSITY OF COLORADO AT DENVER 

DEPARTMENT OF CHEMISTRY 
DENVER, COLORAW 80202 

INTRODUCTION 

We recen t ly  r epor t ed  on t h e  successfu l  replacement of r ecyc le  so lven t  by water 
i n  conventional coa l  l i q u e f a c t i o n ,  with and without added hydrogenation 
c a t a l y s t  p recursors  ( 1 ) .  High coa l  conversions (as measured by THF 
s o l u b i l i t i e s )  were obta ined  a t  modest temperatures (37Oo-385O) w i t h  t h e  use of 
l i t t l e  o r  no organic  r ecyc le  so lvent  and short r e a c t i o n  times (5-30 minutes).  

Water has  been used i n  t h e  pas t  i n  t he  l i q u e f a c t i o n  or t h e  e x t r a c t i o n  of coal  
for a v a r i e t y  of reasons .  When used i n  combination with carbon monoxide and a 
s u i t a b l e  c a t a l y s t ,  water was a source of hydrogen f o r  the r educ t ion  of coa l  
( 2 , 3 ) .  
with  water i n  t h e s e  s tud ibs .  

Liquefaction under carbon monoxide has a l s o  been c a r r i e d  out  by ROSS and 
co l leagues  (4,5) wi th  s l u r r i e s  composed of coa l  and e i t h e r  water or aqueous 
base without an o rgan ic  so lven t .  In some cases .  Ross has  used water t o  ca r ry  
d isso lved  metal  sa l t s  a s  homogeneous c a t a l y s t s  a s  well as a l i q u e f a c t i o n  medium 
(6), but s t i l l  i n  t h e  presence of carbon monoxide as the  reducing gas. 

In comparison wi th  convent iona l  organic  l i q u e f a c t i o n  so lven t s ,  S tenberg  et a l .  
have shown water t o  be q u i t e  e f f e c t i v e  when used i n  combination wi th  H,S. i n  
p a r t i c u l a r  under s y n t h e s i s  gas  rather than hydrogen (7). 

Aqueous l i q u e f a c t i o n  using impregnated c a t a l y s t s  has  a l s o  been combined i n  a 
s i n g l e  ope ra t ion  wi th  s u p e r c r i t i c a l  water d i s t i l l a t i o n  t o  s e p a r a t e  the  o i l  and 
asphal tene  from t h e  coa l  char r e s idue  ( 8 ) .  Barton’s r e s u l t s  c l e a r l y  show t h a t  
t he  l i q u i d s  produced by hydrogenation can be ex t r ac t ed  by s u p e r c r i t i c a l  water 
and t ranspor ted  away from inso lub le  coal r e s idues .  

Wender and co-workers have a l s o  shown t h a t  t he  s imple  t rea tment  of coa l  wi th  
s u p e r c r i t i c a l  water i n  t h e  absence of hydrogen or c a t a l y s t  r ende r s  a 
s u b s t a n t i a l  po r t ion  of t he  t r e a t e d  coa l  e x t r a c t a b l e  by THF a f t e r  t h e  product 
was cooled and recovered  from t h e  au toc lave  ( 9 ) .  The amount of e x t r a c t  
obtained depended on t h e  dens i ty  of the  s u p e r c r i t i c a l  water. 
were obta ined  when coa l  was i n j e c t e d  i n t o  s u p e r c r i t i c a l  water ,  t hus  provid ing  a 
r ap id  heat-up of t h e  coa l ,  than  when a coal-water s l u r r y  was heated t o  
ope ra t ing  temperature.  

I n  add i t ion  t o  t h e  phys ica l  r o l e  of water repor ted  by Wender, i t  has a l s o  been 
repor ted  t h a t  water may d i r e c t l y  p a r t i c i p a t e  a s  a r e a c t a n t  i n  t h e  the rmoly t i c  
chemistry Of c e r t a i n  model compounds. 
decomposed a t  400° C by both py ro ly t i c  and hydro ly t i c  pathways, t h e  l a t t e r  
lead ing  t o  t h e  format ion  of benzyl a lcohol  (10) .  

The removal of n i t rogen  from he te rocyc l i c  compounds, such a s  i soqu ino l ine ,  was 
a l s o  repor ted  t o  be a c c e l e r a t e d  i n  the presence of s u p e r c r i t i c a l  water ( 1 1 ) .  

Appell and co-workers f r equen t ly  used an organic  so lven t  i n  combination 

Higher y i e l d s  

In t h e  presence of water. d ibenzyl  e the r  
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I 

Taken toge the r ,  t hese  previous s t u d i e s  by o the r  r e sea rche r s  i n d i c a t e  t h a t  under 
var ious  cond i t ions ,  s u p e r c r i t i c a l  water may a c t  a s  a good l i q u e f a c t i o n  medium, 
d i s so lve  or e x t r a c t  coal-derived l i q u i d  products ,  promote t h e  cleavage of 
c e r t a i n  bonds l i k e l y  t o  be found i n  c o a l ,  provide hydrogen through t h e  water-gas 
s h i f t  r eac t ion ,  and poss ib ly  assist t h e  con t r ac t ing  of coal  w i t h  c a t a l y s t s  or 
hydrogen. 

Though t h e s e  r e p o r t s  suggest a r i c h  and va r i ed  chemistry i n  l i q u e f a c t i o n  wi th  
water ,  fundamental s t u d i e s  w i t h  models has  rece ived  inadequate a t t e n t i o n .  The 
ob jec t ive  of t h i s  s tudy  was t o  i n i t i a t e  an inves t iga t ion  i n t o  the  o rgan ic  
r e a c t i o n  mechanisms of coa l  and coa l  model compounds with s u p e r c r i t i c a l  water.  

EXPERIMENTAL 

A mu l t i r eac to r  cons i s t ing  of f i v e  ind iv idua l  microautoclaves,  each of 
approximately 45-mL capac i ty  and a t t ached  t o  a s i n g l e  yoke, was used t o  s tudy  
these  r e a c t i o n s  (12) .  The e n t i r e  assembly was immersed r a p i d l y  i n t o  a 
preheated, f l a i d l z e d  sand ba th ,  allowing heat-up t o  r e a c t i o n  temperature i n  436 
minutes. Immersion i n  a second f l u i d i z e d  sand bath held a t  room temperature 
provided r ap id  quenching. The au toc laves  were a g i t a t e d  by a rap id  
hor izonta l - shaking  motion. a s su r ing  good mixing of heterogeneous,  mul t iphase  
mixtures.  - Ind iv idua l  thermocouples allowed continuous temperature monitoring 
of each microautoclave.  For a l l  experiments repor ted  here ,  t h e  r e a c t o r s ,  once 
p res su r i zed ,  were i s o l a t e d  from the gas-handling manifold by a va lve  and a 
sho r t  l eng th  of tubing of neg l ig ib l e  volume. 
t h e  r e a c t i o n  zone due t o  condensation i n  t h e  unheated por t ion  of the system. 
Separa te  experiments using d i f f e r e n t  r e a c t o r s ,  i n  which i t  was poss ib l e  for 
water t o  migrate t o  unheated reg ions  of t h e  system, ind ica t ed  t h a t  such water 
loss had a profound but e r r a t i c  e f f e c t  on measured va lues  for pressure  and coa l  
conversion, and gene ra l ly  l e d  t o  misleading da ta .  

The p res su re  a t  r e a c t i o n  temperature was not measured d i r e c t l y  in t h e s e  
experiments. 
equation. 

Table 1 g ives  the ana lyses  Of the I l l i n o i s  No. 6 (River King Mine) bituminous 
coa l  and process der ived  so lven t  (SRC 1 1 ) .  The conversion va lues  were obta ined  
by t h e  cen t r i fuga t ion  method described e a r l i e r  ( 1 ) .  

Model compound experiments were performed i n  t h e  i d e n t i c a l  r e a c t i o n  appa r tus .  
Any product gases were uncollected.  The r e a c t o r s  were washed out  wi th  
dichloromethane (F i she r ;  ACS c e r t i f i e d )  and the  aqueous l aye r  removed. The 
organic  l a y e r  was f i l t e r e d  through a s i n t e r e d  g l a s s  funne l ,  wi th  subsequent 
ana lys i s  by c a p i l l a r y  gclm.3 (Hewlett  Packard model 5790A gas chromatograph 
equipped wi th  a Hewlett Packard model 5970A mass s e l e c t i v e  d e t e c t o r ) .  Mass 
s p e c t r a l  i on iza t ion  c u r r e n t s  and gc parameters were i d e n t i c a l  i n  the  a n a l y s i s  
of s tandards  and r e a c t i o n  products.  

~ 1 1  model compound experiments were r eac t ed  a t  385O C for 30 minutes.  A 1200 
ps ig  cold charge of H, was employed in  each experiment u t i l i z i n g  molecular 
hydrogen. The bibenzyl r eac t ions  used 2.5g (0.014mol) bibenzyl (Aldr ich)  and 
1.8g (0.09 mol) deu te r ium oxide  (Aldr ich ,  gold l a b e l ) .  The biphenyl 
experiments a l s o  employed 2.5g (0.016 mol) biphenyl (Aldr ich)  and 1.8g D,O. 
The r e a c t i o n s  wlth.4-benzylphenol (Chemical S a l e s  Co.), dibenzyl e the r  (Aldr ich)  
and benzyl e thy l  e the r  ( P f a l t z  & Bauer),  used 0.92 (0.005 mol),  0.99g (0.005 
mol),  and 0.68g (0.005 mol) r e spec t ive ly ,  and 4.0g D,O in each r eac to r .  

T h i s  prevented l o s s  of water from 

The p a r t i a l  p ressure  of water was es t imated  using van de r  Waal's 
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RESULTS A N D  DISCUSSION 

I. Bituminous Coal S t u d i e s  

Inverse  i so tope  e f f e c t s  has been observed by Appell (13) and Ross ( 1 4 )  when 
water was rep laced  wi th  D,O i n  coal l i q u e f a c t i o n .  Appell observed an enhanced 
conversion of nea r ly  6% when D,O was u t i l i z e d  i n  p lace  of water wi th  
hexahydropyrene ( H H P )  a s  a so lven t .  A s i g n i f i c a n t  enhancement was s i m i l a r l y  
observed by Ross through s u b s t i t u t i o n  of water by D,O i n  h i s  use of COIwater 
systems without a so lven t .  Ross has a t t r i b u t e d  t h i s  phenomenon t o  a 
phenol-keto equi l ibr ium followed by hydr ide  t r a n s f e r  from formate t o  coa l  
moie t ies  i n  a Michael sense.  The inverse  i so tope  e f f e c t ,  i n  Ross' argument, 
r e s u l t s  from the f a c t  t h a t  t h e  formate r e a c t i o n  w i t h  water exper iences  a normal 
i so tope  e f f e c t  and is t h e r e f o r e  slowed i n  D,O, consequently enhancing t h e  
s t a b i l i t y  of a c t i v e  formate by precluding t h e  te rmina t ion  r e a c t i o n  t o  CO, and 
H,, which  he sugges t s  r ap id ly  p reva i l s  under these  condi t ions .  

Rosa f u r t h e r  contends t h a t  a l l  coal l i q u e f a c t i o n  r e a c t i o n s  can be viewed along 
s i m i l a r  l i n e s .  Donor so lven t  l i que fac t ion ,  i n  h i s  concept,  r e s u l t s  v i a  hydride 
t r a n s f e r  f rom hfdroarcmat ic  compounds to e f f e c t  reduct ions  of quinones and/or 
semiquinones with subsequent e l imina t ion  of s u b s t i t u t e n t  groups. 

If the mechanism of l i q u e f a c t i o n  i s  indeed i o n i c ,  water may be envisioned a s  a 
po la r  s o l v e n t ,  r e s u l t i n g  i n  a lowering of t h e  t r a n s i t i o n  s t a t e  energy v i a  
so lva t ion  and correspondingly increased conversions.  With t h i s  d i scuss ion  in 
mind, we undertook two s e t s  of experiments,  each comparing H,O w i t h  D,O. The 
f i r s t  was e s s e n t i a l l y  a r epea t  of Appell 's  experiment with minor v a r i a t i o n s .  
T e t r a l i n  was employed a s  the  so lvent  and a h igher  hydrogen charge was u t i l i z e d .  
I n  an attempt t o  enhance t h e  ion ic  cha rac t e r  of t h e s e  r e a c t i o n s ,  2mmol of 
Cs,CO, was added t o  the  water.  Ross had u t i l i z e d  the observed c a t a l y t i c  e f f e c t  
of bases i n  h i s  r e a c t i o n s  as a major argument for h i s  proposal of an i o n i c  
mechanism. Cs,CO, was chosen s ince  C s  has been r epor t ed  as t h e  most mobile of 
t h e  Group I A  meta ls  i n  the  g a s i f i c a t i o n  of c o a l s  (15) and we wished t o  
circumvent,  as far a s  poss ib l e ,  any anomalies from se l ec t ed  ion  exchange. 

The conversions ob ta ined  were i d e n t i c a l ,  wi th in  experimental  e r r o r ,  a s  
i l l u s t r a t e d  i n  Table  2 (68-70 w t .  %). Clea r ly ,  under these  condi t lons .  no 
i so tope  e f f e c t  is ev iden t .  I t  is s i g n i f i c a n t  that  Appell's work, a t  much lower 
hydrogen pressure  and 5 fewer minutes res idence  t ime ,  r e s u l t e d  i n  dramat ica l ly  
higher convers ions  (84-90 w t .  5 ) .  The g r e a t e r  ease of hydrogen a b s t r a c t i o n  from 
HHP than t e t r a l i n  is dramat ica l ly  evidenced by t h e s e  r e s u l t s .  These r e s u l t s  
do l i t t l e ,  however, t o  suppor t  t h e  r o l e  of water as r e a c t a n t  i n  our systems, or 
an ion ic  mechanism for  l i que fac t ion  i n  gene ra l .  

If one accep t s  t h e  arguments of Ross, molecular hydrogen should p lay  no k i n e t i c  
role i n  coa l  conversion. El imina t ion  of hydrogen i n  favor  of the  polar  
so lvent  Water should  t h e r e f o r e  enhance o v e r a l l  conversions.  
we undertook four  experiments,  i n  t h e  absence of molecular hydrogen, a s  
i l l u s t r a t e d  i n  Tab le  3. 
and t e t r a l i n  as a so lven t  r e su l t ed  i n  s l i g h t l y  lower convers ions  for t h e  D,O 
t han  H,O experiments.  More s i g n i f i c a n t l y ,  t h e  Conversions were cons iderably  
lower than those  observed i n  Table 3 where less water ,  but molecular hydrogen 
was Present.  C l e a r l y ,  molecular hydrogen p lays  a dominant r o l e  even when 
experimental  cond i t ions  favor  an ion ic  pathway. Since it is d i f f i c u l t  t o  
envis ion  an i o n i c  mechanism for t he  r o l e  of molecular hydrogen i n  l i q u e f a c t i o n ,  
such obse rva t ions  a r e  incons i s t en t  with a gene ra l  i o n i c  mechanism for 

I n  t h i s  r ega rd ,  

Comparison of H,O and D,O wi th  added KOH as a c a t a l y s t  
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l i que fac t ion  and support  the f r e e  radical hydrogenolysis  mechanism proposed by 
Vernon (16) .  

Further  evidence r e f u t i n g  no t  only an i o n i c  mechanism, but t h e  r o l e  of water as 
a r e a c t a n t  as wel l ,  can be found i n  comparison of Experiments 5 B  and 5 C .  
Removal of t h e  KOH c a t a l y s t  and r educ t ion  o f  water by a f a c t o r  of two r e s u l t e d  
i n  no appreciable  change i n  conversion. 

A change i n  so lven t  from t e t r a l i n  t o  SRC 11, however, gave a dramatic  decrease 
i n  conversion. 
hydrogen atom donors i n  SRC I1 when compared t o  t e t r a l i n .  The s i g n i f i c a n t  r o l e  
of such donors i n  water assisted l i q u e f a c t i o n ,  r e g a r d l e s s  of t h e  l i q u e f a c t i o n  
mechanism, is c l e a r l y  ev iden t  from these experiments.  

2. MODEL COMPOUND STUDIES 

Such an e f f e c t  may be e a s i l y  a t t r i b u t e d  t o  a lower number of 

I n  Appell 's  experiments with coa l  (13). t h e  inco rpora t ion  of  deuterium i n t o  
coa l  der ived hydrocarbons, pyrene, and HHP was noted. Ross noted a l a c k  of 
c o r r e l a t i o n  between exchange and conversion i n  h i s  s tudy ( 1 4 ) .  
r e s u l t s  suggested t o  Appell tha t  water was a r e a c t a n t  under h i s  cond i t ions ,  
t hese  r e s u l t s  could also be explained by an i n i t i a l  low temperature exchange of 
phenol ic  hydroxyls with D,O. followed by higher  temperature  deuterium atom 
t r a n s f e r s  between t h e s e  now deu te ra t ed  phenols and hydrocarbon r a d i c a l s .  

I f  our proposed exp lana t ion  is ope ra t ive ,  t h e  use of 0-alkylated c o a l s  could 
circumvent t h e  low temperature  exchange. Observat ion of deuterium exchange i n  
coa l  products  der ived from such a Coal may then i n d i c a t e  t r u e  r e a c t i o n  
chemistry.  
was observed by P a u l a i t i s ,  however. I f  the hydro lys i s  of methyl e t h e r s  i s  
general  and i o n i c  i n  s u p e r c r i t i c a l  water ,  as t h e i r  work with quaiacol  would 
i n d i c a t e ,  t h e  formation of phenols from these  hydro lys i s  r e a c t i o n s  may a l s o  
l ead  t o  exchange. Such an occurance would i n v a l i d a t e  our arguments for t h e  
experiments w i t h  0-alkylated coa l .  

Fu r the r ,  t h e  hydrogenolysis  of a n i s o l e ,  as r epor t ed  by Friedman (17) .  may a l s o  
i n d i c a t e  a reac t ion  pathway by which phenols,  p ro t ec t ed  a s  methyl e t h e r s ,  could 
r e a c t  i n  what is e s s e n t i a l l y  an exchange r e a c t i o n .  If t h e  phenoxy1 r a d i c a l  
i n t i a l l y  formed from a n i s o l e  is reduced t o  t h e  phenoxide ion ,  such exchange may 
occur. The observat ion of c r e s o l s  i n  Friedman's work, however, would t end  t o  
i n d i c a t e  t h a t  such is not  t he  case.  

We attempted t o  address  both  concerns v i a  t h e  r e a c t i o n  of seve ra l  model 
compounds w i t h  D,O i n  t h e  presence and absence of molecular hydrogen. 

S i g n i f i c a n t  exchange between bibenzyl  and D,O was observed on ly  upon the  
in t roduc t ion  of molecular hydrogen t o  t h e  system. 
w i t h  biphenyl e i t h e r  i n  the absence or presence of molecular hydrogen. 
r e s u l t s  suggest  t h a t  H-atoms produced from the  hydrogenolysis  of bibenzyl  
r eac t ed  w i t h  t he  l a r g e  molar excess  of D,O t o  produce HD and hydroxyl r a d i c a l s .  
Once HD was formed, i nco rpora t ion  of deuterium i n t o  a v a r i e t y  of products  
would be expected. The hydroxyl r a d i c a l  could then capped by a v a r i e t y  of 
s p e c i e s ,  including molecular hydrogen i n  what would amount t o  a cha in  r e a c t i o n .  

There was no evidence for t he  observat ion of hydroxylated products  i n  t h e  
total7ion-chromatograph (TIC) of t h e  dichloromethane s o l u b l e  f r a c t i o n .  The 
aqueous f a c t i o n  was unanalyzed. 

Though h i s  

Hydrolysis  of t h e  methyl e t h e r  of gua iaco l  by s u p e r c r i t i c a l  water 

Exchange was not  observed 
These 
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The T I C  of the dichloromethane so lub le  products from t h e  r e a c t i o n  of benzyl 
e thyl  e t h e r  i n d i c a t e d  only alcohol-d exchanged benzyl a lcohol .  There was 
no evidence i n  t h e  mass s p e c t r a  for incorpora t ion  of deuteriiun i n t o  any C-H 
bond. The hydro lys i s  appeared complete. I t  is important t o  note  t h a t  
molecular hydrogen was unemployed i n  t h i s  experiment.  

Analysis of the T I C  from t h e  organic  f r a c t i o n  of t h e  similar r e a c t i o n  with 
dibenzyl e the r  i nd ica t ed  only  unexchanged r eac t an t .  Benzyl a lcohol  was not 
observed. 

Analysis of t he  dichloromethane so lub le  products from the  r e a c t i o n  of 4-benzyl 
phenol with deuterium oxide i n  the  absence of molecular hydrogen is most 
in t r igu ing .  Only 4-benzyl phenol was observed i n  t h e  TIC ,  however, 
mass4spectral  a n a l y s i s  i nd ica t ed  the  major product t o  be doubly labe led .  
Fragment ions  c l e a r l y  i l l u s t r a t e  t h e  inco rpora t ion  of deuterium i n t o  C-H bonds. 

Taken toge the r ,  t h e s e  r e s u l t s  suggest e l e c t r o p h i l i c  a romat ic  s u b s t i t u t i o n  
between t h e  ac t ived  phenol and a hydronium ion-d,. Act iva t ion  of t h e  aromatic 
r ing  was i n s u f f i c i e n t  with t h e  o ther  models t o  e f f e c t  such exchange. 

Additional experiments a r e  c u r r e n t l y  underway i n  our  l abora to ry  t o  f u r t h e r  
s u b s t a n t i a t e  t h i s  hypothes is .  The p o s s i b i l i t y  of similar r e a c t i o n  between coa l  
and water would be easy t o  suppor t .  Coal would be  expected to  possess  
s t r u c t u r a l  u n i t s  with r e l a t i v e l y  low energy a s  carboca t ion  leaving  groups 
through s u b s t i t u t i o n  by a pro ton  i n  water.  Such moie t i e s  wo;lld inc lude  
carboca t ions  w i t h  t he  p o s s i b i l i t y  of resonance s t a b i l i z a t i o n  by an aromatic 
system (e.g. ,  benzyl ca rboca t ion ) ,  a lpha  t o  an ether oxygen ( s i m i l a r  t o  those  
discussed by Larsen (18 ) )  o r  carbonyls (e.g. ,  decarboxyla t ion) .  

Should a d d i t i o n a l  model compound s t u d i e s  suppor t  t h e  f e a s i b i l i t y  of s imi l a r  
r eac t ions  between water  and c o a l ,  t h e  observed enhanced y i e lds  from 
l ique fac t ion  w i t h  water  may, a t  l e a s t  p a r t i a l l y ,  be a t t r i b u t e d  t o  t h e  
ip sosubs t i t u t ion  of  a proton f o r  a s u b s t i t u e n t  on an aromatic moiety i n  coa l .  

T h i s  sugges t ion  i n  no way presupposes t h a t  e l e c t r o p h i l i c  aromatic s u b s t i t u t i o n  
is t h e  only mechanism opera t ing  i n  l i que fac t ion .  I t  may, however, i n d i c a t e  a 
dormant r e a c t i o n  pathway under t h e  t r a d i t i o n a l  donor so lven t  l i que fac t ion  
condi t ions ,  which now con t r ibu te s  t o  t h e  o v e r a l l  production of l i q u i d  products,  
thus  the  apparent  i n c r e a s e  i n  y ie ld .  The so lva t ion  e f f e c t  of s u p e r c r i t i c a l  
Water i n  promoting t h e s e  poss ib ly  new i o n i c  pathways i n  aqueous l i que fac t ion  is 
CUrIXntly under i n v e s t i g a t i o n  i n  our l abora to ry .  
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TABLE I .  ELEMENTAL ANALYSES OF COAL A N D  V E H I C L E S . ~  

S - N 0 - -  H - C Mate r i a l  - 
I l l i n o i s  No. 6 73.7 5.6 1.5 14.8 4.5 
Coal, Rivgr 
K i n g  Mine 

SRC-I1 D i s t i l l a t e  87.1 8.0 1 . 4  3.0 0.4 

a ut .%,  daf  b a s i s ,  Huffman Labs, Wheatridge, Colo. 

Moisture-free a s h  conten t  was determined t o  be 13.6 ut.% for  t h e  River 
King Coal. A s  used, the  coal contained 3 u t . %  water.  

Table 2. Comparison of H,O and D,O a s  Vehic les  Under Water Ass is ted  
L ique fac t ion  Conditions'  

Ex. # Vehicle Conversion2 - 
68 
70 

Reaction Condi t ions :  11.00 g River King Coal;  1.70 g H,O or 
D,O; 1.50 g t e t r a l i n ;  1200 p s i g  H, 
( co ld ) ;  385OC; 20 mins. a t  temp.; 
2 mmol Cs ,CO,  added v i a  the  water.  

DAF bas i s ;  average of dup l i ca t e  runs ;  r e p r o d u c i b i l i t y  f 1 u t .  %. 
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REACTICNS OF LW-RANK COALS I N  SJPERCRITICAL METHANOL 

Edwi n S .  Olson, Michael L. Swanson, Steven H. Olson and John W .  Diehl 

Box 8213, Uni versi t y  Station 
University of N o r t h  Dakota Energy Research Center 

Grand Forks, North Dakota 58202 

Supercritical f lu id  extraction of coals has been investigated as a promising 
method f o r  the  production of l i q u i d  fuel products f ran  coal under mild conditions. 
Studies w i t h  alcohols a s  the  supercrit ical  f lu id  have recently been reported (1, 2, 
3, 4 ) .  Alcohols would be expected t o  exhibit  g rea te r  so lubi l i ty  f o r  polar organic 
molecules, because of hydrogen bonding or dipole a t t r ac t ive  forces;  they also 
provide the  opportunity f o r  chemical reactions during the  extraction, because of t he  
nucleophilicity of the  alcohol oxygen and the tendency t o  act  as a hydrogen donor. 
Alkylation reactions can also occur. Chen and coworkers have shown tha t  su l fur  
compounds were removed se lec t ive ly  i n  supercri t i c a l  methanol and ethanol extractions 
( 4 ) .  This potentially useful application may involve reaction of the  alcohol w i t h  
some of the organosulfur moieties and possibly pyrite i n  the coal. The exact 
mechanism o f  t h ?  sulfur ranoval reaction i s  unknown. Earlier worken used alcohols 
a t  very high temperatures (460-600OC) (5) or in  combination with sodium hydroxide 

As a part of our study of the interaction of supercrit ical  solvents w i t h  low- 
rank coals, a se r ies  of extractions of l ign i tes  and subbituminous coals were 
performed w i t h  supercri t i ca l  methanol i n  a semicontinuous extraction apparatus. 
These studies were concerned with establishing yield and conversion data f o r  several 
coals a t  various supercrit ical  conditions. Not only can the solvation power of the 
solvent (hhich depends on the  f lu id  density) be conveniently controlled over a large 
range w i t h  changes i n  solvent pressure or tenperature, hut the rates of chemical 
reactions occurring i n  and with the  solvent may also be controlled by the wide 
variation i n  viscosity and density which are obtained w i t h  supercrit ical  f lu ids .  

Experimental 

Supercri t i ca l  methanol extractions were performed using the  semiconti nuous 
processing unit described e a r l i e r  ( 7 ) .  Methanol solvent was pumped through the  
fixed coal bed (50 g of dried coal) a t  120 ml/hr f o r  2 hr. The pressure of the 
supercrit ical  solvent was reduced to  atmospheric pressure a f t e r  passing a back 
pressure regulator. The extract and solvent were collected in a chil led sample 
vessel. The  noncondensable product gas was measured and collected for  subsequent GC 
analysis. B o t h  the  solvent-extract mixture and the extracted coal residue were 
rotary vacuum d i s t i l l ed  t o  give a moisture and methanol f ree  product. Extr cts were 

methylated (di  azomethane) samples a n d  GC for  quantitative determination of 
i ndi vi dual phenols and carboxyli c acids. The phenol analysis involved addi t i  on of 
2-fluorophenol BS an in te rna l  standard, extraction in to  base t o  remove hydrocarbons 
and amsoles,  addition of acid and extraction i n t o  chloroform, Kuderna-Danish 
evaporation of the chloroform and GC analysis on a calibrated 60 m OB5 capillary 
column (FID). Photoacoustic spectra of the coal residues were obtained using a cell  
obtained from MTech Photoacoustics w i t h  a Nicolet 2OSXR spectrometer. 
Themogravimetric analyses of the coal residues were obtained using a Cahn 2000 
thermobalance w i t h  an argon atmosphere and a 20°C/min temperature ramp. 

(6) * 

analyzed by a number of methods including extraction in to  base, HPLC and I H-NMR of 
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Results and Discussion 

E f f e c t s  of Temperature and Pressure on Yie lds 

Table 1 summarizes t h e  operat ing condi t ions and t h e  experimental resul&s 
obtained f o r  t he  s u p e r c r i t i c a l  methanol ext ract ions.  A ser ies of runs a t  250 C 
us ing  Ind i  an Head l i g n i t e  was performed a t  pressures rangi ng fran 1233 p s i  a t o  2935 
p s i a  (P = 1.05 t o  2.5). The conversions (weight 1 m s  on a maf bas is)  were found t o  
increas; w i t h  increas ing pressure (i.e. fran 4.3 t o  6.1 X ) ,  wh i le  t h e  e x t r a c t  y i e l d s  
(weight of extracted materi a1 recovered on an maf bas i s )  increased from 1.8 t o  4.4% 
respect ive ly .  This increase i n  e x t r a c t  y i e l d s  w i t h  pressure can be a t t r i b u t e d  t o  
change i n  solvent density. F igu re  1 i s  a p l o t  of t h e  e f f e c t  of ca lcu la ted  so lvent  
dens i t y  on t h e  ex t rac t  y i e l d s  f r a n  Ind i  an Head l i g n i t e .  

A ser ies of i s o b a r i c  experiments were performed a t  2348 psi a (Pr = 2.0) w i t h  
tenperatures a t  250, 275, 300 and 35OoC us ing several coals. The conversion and 
ex t rac t  y i e l d s  a l l  increased s i g n i f i c a n t l y  w i t h  temperature, however, a t  t h e  h ighe r  
tenperatures the  ex t rac t  and gas y i e l d s  becane s i g n i f i c a n t l y  h igher  than t h e  actual 
weight l oss  of t h e  o r i g i n a l  coal .  This net  y i e l d  of products suggests t h a t  t h e  
methanol i s  being incorporated i n t o  t h e  products by reac t i ng  w i t h  var ious groups i n  
t h e  coal and ex t rac t  components and a l so  being converted t o  gas, which conta ins 
l a r g e  amounts of methane. 

Table 1. Operating Condit ions and Results from t h e  Ex t rac t i on  o f  Various Coals w i t h  
Superc r i t i ca l  Methanol. See Table 3 f o r  coal analyses. Reduced tempera- 
t u r e  (T r )  and reduced pressure (P r )  are t h e  r a t i o s  of temperature and 
pressure t o  supercr i  t i c a l  temperature and pressure. 

Coal 

I nd ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 
Ind ian  Head 
Ind i  an Head 

Wyodak 
Wyodak 

1 Wyodak 
Wyodak , Wyodak 
Wyodak 

Deer Creek 
I Deer Creek 

Deer Creek 
Deer Creek 

- 

i 

f M a r t i n  Lake 
M a r t i n  Lake h M a r t i n  Lake 

i 

Temp. 
0 

25n 
250 
250 
250 
250 
27 5 
300 
350 

250 
25 0 
300 
300 
350 
350 

250 
250 
300 
350 

250 
300 
350 

Tr 

1.021 
1.021 
1.021 
1.021 
1.021 
1.069 
1.118 
1.216 

1.021 
1.021 
1.118 
1.118 
1.216 
1.216 

1.021 
1.021 
1.118 
1.216 

1.021 
1.118 
1.216 

- 
Pressure 

(ps i  a) 

1233 
1468 
17 61 
2348 
2935 
2348 
2348 
2348 

1233 
2 348 
1233 
2348 
1233 
2348 

1233 
2348 
2348 
2348 

2348 
2348 
2348 

P r  

1.050 
1.250 
1.500 
2.000 
2.500 
2.000 
2 .ooo 
2.000 

1.050 
2.000 
1.050 
2.000 
1.050 
2.000 

1.050 
2.000 
2 .ooo 
2.000 

2 .ooo 
2.000 
2 .ooo 

- 

Cal c. 
Sol vent 
Oensi ty  
J s l m l )  

0.134 
0.295 
0.368 
0.412 
0.434 
0.320 
0.224 
0.144 

0.134 
0.412 
0.079 
0.224 
0.063 
0.144 

0.134 
0.412 
0.224 
0.144 

0.412 
0.224 
0.144 

Pct. . .._ 

Cow. Pct  Y i  e ld ,  maf 
(maf) Ex t rac t  

4.27 1.76 
4.98 2.86 
4.17 3.05 
5.49 3.80 
6.13 4.43 
8.20 3.88 
9.55 4.74 

23.30 12.43 

1.56 3.08 
4.16 6.33 
2.73 11.28 
6.17 6.59 

14.74 12.39 
17.55 23.29 

0.20 4.02 
10.11 10.50 
7.99 8.69 

11.79 13.69 

3.95 5.57 
5.60 6.64 

18.24 17.54 

2.25 
2.05 
1.36 
1.66 
2.23 
3.67 
6.91 

22.04 

0.70 
0.65 
3.49 
3.10 

21.60 
22.61 

0.37 
0.16 
0.75 
5.17 

0.69 
1.93 

19.88 



Composition of t h e  E x t r a c t e d  Mater i  a1 

The canpos i t ion  of t h e  ex t rac t  obtained f r a n  each of t h e  coals var ied  
s u b s t a n t i a l l y  w i t h  t h e  inc rease i n  temperature of t h e  e x t r a c t i o n  w i t h  s u p e r c r i t i c a l  
methanol. The e x t r a c t s  contained t h e  waxy ma te r ia l  (alkanes and long  cha in  f a t t y  
ac ids)  which were a l s o  present i n  t h e  hydrocarbon ex t rac ts  of t h e  these coa ls  (7 ) .  
I n  addi ti on, the  methanol e x t r a c t i  om conta i  ned phenol ics , am so les  and methyl 
es te rs  of  mono and d i c a r b o x y l i c  acids. The pheno l ics  and an iso les  predominate i n  
t h e  ex t rac t i ons  of I n d i a n  Head l i g n i t e  which were c a r r i e d  out a t  t h e  h igher  
temperatures (Table 2). The methyl e s t e n  of d i c a r b o x y l i c  acids,  such as dimethyl 
succinate,  predominate a t  t h e  lower tenperature.  The amso les  and methyl esters 
have not been found i n  any s u p e r c r i t i c a l  hydrocarbon so lvent  o r  water e x t r a c t i o n  
products f r a n  coal  n o r  i n  any py ro l ys i s  products. The anisoles resu l ted  fran 
methy la t ion  of  t he  corresponding phenol hydroxyl  groups. The esters have resu l ted  
from e s t e r i f i c a t i o n  of c a r b o x y l i c  acids i n  t h e  s u p e r c r i t i c a l  m t h a n o l ;  however, t h e  
d i ca rboxy l i c  acids r e q u i r e d  f o r  these reac t ions  a r e  produced f r a n  t h e  coal by 
o x i d a t i o n  r a t h e r  t h a n  py ro l ys i s .  Thus t h e  reac t ions  f o r  fo rmat ion  of esters have 
no t  been s u f  f i c i  en tl y el u c i  dated . 
Table 2. Yields o f  Phenols i n  S u p e r c r i t i c a l  Methanol Ex t rac t ions  as WtX o f  Ex t rac t  

Weight. 

I n d i a n  Head L i g n i t e  (11 I.lyodak Subbi tumi nous 

Phenol 25 0 300 350 250 (1 )  300 (1 )  350 (1 )  350 ( 2 )  

Phenol .18 .44 .77 .059 .056 .066 .OB 
o - C r e s o 1 .01 .36 2.02 .007 .065 .149 .132 
m-Cresol -0 3 .33 1.25 .024 .080 .056 .060 
p-Cresol t .47 .45 .032 .037 .045 .030 
Guaiacol .42 1.17 1.30 t t .003 t 
2 . 6 4  MePhe t .19 3.86 .003 .041 .435 ,388 
2-EtPhe 0 .O 5 0.43 .003 .014 .019 ,022 
2,4-DiMePhe t .41 5.57 .005 .123 .178 ,199 
2,5-DiMePhe t .04 .97 .002 .020 .041 .055 
2.3-DiMePhe -02 .32 2.37 .006 .045 .117 .116 
4-MeGuaicol .10 .82 1.98 t t .035 .030 
2.4,6-TriMePhe t .29 13.22 .001 .070 A 4 9  ,571 
2,3,6-Tri MePhe t .08 3.61 t -024 .211 .311 
4-MeOPhe 0 .01 .43 t t .004 ,012 
2.43-Tt-i MePhe t .04 4.42 .007 .040 .092 .114 
4,6-Di MeGua t .41 1.86 t t .045 ,004 
4-Indanol t .24 1.77 .003 .081 .099 .127 
3.4,5-Tri MePhe t t .a4 0 0 .004 .003 
5-Indanol t .O 3 .57 A01 .014 .024 .032 
2,3,5,6-MePhe t .07 5.59 .003 .016 .147 .252 I 
4-nPrGuai acol  .o 2 .22 .58 0 0 .002 .om 
2- Naphthol t .05 1.40 t t .019 .001 

Pressures: (1) = 2348 psia;  (2)  = 1233 p s i a  

1-Napht hol t .02 .28 .006 .002 .001 .003 

1 
Abbreviat ions:  Phe = phenol; Me = methyl; E t  = e t h y l ;  Pr = propyl ;  Gua = guaiacol ;  
Me0 = methoxy; T = t e t r a ;  t = t r a c e  

Other  phenols i d e n t i f i e d  by GC/MS and r e t e n t i o n  t ime bu t  not q u a n t i t a t i v e l y  
determined: 6-MeGuai acol  , 3,4-DiMePhe, 3,5-DiMePhe, 4-EtPhe. 4-EtGuai acol , 2,3,5- 
T r i  MePhe, 2,3,4,6-TMePhe, EtMePhe (5). 
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The d i s t r i b u t i o n  of phenol types found i n the  ex t rac ts  of Ind i  an Head l i g n i t e  
c a r r i e d  out a t  250" (Table 2 )  was s i m i l a r  t o  t h a t  found i n  py ro l ys i s  products (8) ;  
t h a t  i s ,  l a r g e  amounts of phenol and cresols ,  sma l le r  amounts of v i r t u a l l y  every 
type of a l k y l  phenol isomer, a l i m i t e d  ser ies o f  main ly  4 s u b s t i t u t e d  guai acols and 
catechols ( these were not q u a n t i t a t i v e l y  analyzed). Since t h e  Wyodak subbi tumi nous 
coal has a very small  methoxy group content ,  correspondi ng t o  a 1 ow concen t ra t i on  o f  
guaiacol groups i n  the  coal, on l y  traces of guaiacols were found i n  t h e  low- 
temperature ext racts .  The y i e l d s  of phenols fran t h e  Ind ian Head ex t rac t i ons  were 
much h igher  than those fran t h e  Wyodak coal a t  a l l  tmpera tu res .  

With bo th  coals the  h igher  temperature ex t rac t i ons  y ie lded  a d i s t r i b u t i o n  o f  
phenols d i s t i c t l y  d i f f e r e n t  f r a n  t h a t  obtained i n  the  low-temperature ext ract ions.  
Large increases i n  t h e  y i e l d s  o f  2.6-dimethylphenol and 2,4,6- t r imthy l  phenol were 
espec ia l l y  noticeable. This i s  evidence f o r  methy lat ion of t h e  r i n g  carbons of the  
phenols which occurs mainly a t  t h e  pos i t i ons  o r t h o  t o  t h e  hydroxyl group of t h e  
phenol. I n  add i t i on  t o  t h e  q u a n t i t i e s  repor ted i n  Table 2 f o r  t h e  phenols which 
were inc luded i n  our c a l i b r a t i o n ,  numerous o the r  C4-, C - and C s u b s t i t u t e d  phenols 
were i d e n t i f i e d  i n  t h e  350' e x t r a c t s  by GC/MS. Methy lat ion of t h e  a rana t i c  r i ngs  of 
t h e  guai acols and catechols was a l so  observed t o  have occurred du r ing  t h e  e x t r a c t i o n  
a t  h igh tenperatures; l a r g e  amounts of 4,6-dimethylguaiacol, 3,4-dimethylguaiacol, 
3,6-dimethylguai acol, C3-guai acols, C4-guai acols and C guai acols were found by 
GC/MS. Most of the  cmponents of t h e  product f ran e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  2 5 0 T  and most o f  t h e  l o w  molecular weight products from e x t r a c t i o n  a t  h ighe r  
tmpera tu res  have been i d e n t i f i e d ;  however, many o f  t h e  Wyodak e x t r a c t i o n  products 
are s t i l l  under i nvest i  gation. 

The e f f e c t s  of pressure on t h e  y i e l d s  o f  phenols was inves t i ga ted  a t  two 
pressures, 2348 psi a and 1233 psi a. The data f o r  e x t r a c t i o n  of Wyodak subbi tumi ncus 
coal a t  350°C a t  these two pressures are presented i n  Table 2. S i m i l a r  y i e l d s  f o r  
each of t h e  i n d i v i d u a l  phenols are observed. The phenol y i e l d  s t r u c t u r e  i s  
t he re fo re  domi nated by tenperature r a t h e r  than  pressure e f fec ts ,  cons i s ten t  with the  
hypothesis t h a t  release of phenols from t h e  coal ma t r i x  i s  c o n t r o l l e d  by a c t i v a t i o n  
energies f o r  bond cleavage r a t h e r  than  d i f f u s i o n .  Density and v i s c o s i t y  e f f e c t s  on 
t h e  phenol reac t i on  products are neg l i g ib le .  

Comparison of residue sur face groups 

The residues fran t h e  supercr i  t i c a l  methanol e x t r a c t i o n  of I n d i a n  Head l i g n i t e  
a t  t h ree  temperatures were examined us ing  photoacoustic spectroscopy t o  determine 
t h e  changes i n  func t i ona l  groups on t h e  sur face which r e s u l t  fran e x t r a c t i o n  and 
react ions of t h e  l i g n i t e  w i t h  t h e  solvent. The spect ra f o r  t h e  o r i g i n a l  d r i e d  
l i g n i t e  and th ree  residues a re  shown i n  F igu re  2. The broad carboxyl OH s t r e t c h i n g  
band extending f rom 3500 t o  2000 cm-l p rog ress i ve l y  decreases with samples o f  
i ncreasi ng e x t r a c t i o n  tenperatures, correspondi ng t o  conversion of t h e  ca rboxy l i c  
acids t o  methyl esters o r  t decarboxylat ion. The arbonyl s t r e t c h i n g  band i n  t h e  
o r i g i n a l  l i g n i t e  a t  1695 i s  changed t o  1717  cm-? ( w i t h  shoulder a t  h ighe r  wave 
number) i n  t h e  250" and 300°C ex t rac ts ,  a l so  i n d i c a t i n g  t h e  conversion t o  t h e  
ester .  The carbonyl band decreases somewhat and e x h i b i t s  a peak a t  1730 cm-l i n t he  
350°C ext ract ,  which i nd i ca tes  f u r t  e r  conversions. The i n t e n s i t i e s  of t h e  methyl 
absorptions a t  2960 and 1455 cm-! i nc rease  s i g n i f i c a n t l y  w i t h  t h e  e x t r a c t i o n  
temperature. These changes i n  v i b r a t i o n a l  bands of the  surface groups are 
consis tent  w i t h  t h e  a l k y l a t i o n  which has occurred during the e x t r a c t i o n  w i th  
supercr i  t i c a l  methanol. 

Thennogravimetri c data obtained w i t h  t h e  ex t rac ted  coal residues i ndi c a t e  t h a t  
t he  s u p e r c r i t i c a l  methanol ex t rac ts  a s i g n i f i c a n t  p o r t i o n  of t h e  compounds which 
would have normally v o l a t i l i z e d  i n  t h e  200" t o  400°C range. These curves also 
e x h i b i t  t h e  e f f e c t  of methy lat ion of oxygen groups which the rma l l y  decompose a t  
tenperatures above 400' r e s u l t i n g  i n  re lease of add i t i ona l  products. 
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Table 3. Proximate and U l t i m a t e  Analyses o f  Coal Samples Used. i n  Experiments. 

Proxi mate Analysi s 
V o l a t i l e  M a t t e r  
F ixed Carbon (by d i f f )  
Ash 

U l t ima te  Analysi s 
Hvdrown 
Carbon 
Ni t rogen 
S u l f u r  
Oxygen (by d i f f )  
Ash 

Wyodak 

43.5 
50.0 

6.5 

4.26 
64.62 

1.01 
.58 

23.04 
6.5 

Deer 
Creek - 
42.0 
47.2 
10 .A 

5.66 
71.21 

1.27 
.36 

10.70 
10.8 

Gascoyne 

40.1 
41.2 
18.6 

3.93 
57.56 

.8 7 
1.76 

17.28 
18.6 

Ind ian  
Head - 

43.8 
48.0 

8.5 

4.74 
66.20 

.9 6 

.72 
19.19 

8.2 

Nar t i  n 
Lake 

42.2 
42.8 
15.0 

0.32 
61.88 

1.23 
1.17 

20.40 
15.0 
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Figure 1. Plot of extraction yields from Indian Head lignite Venus solvent'density 
of methanol a t  250'C. 
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Figure 2.  Photoacoustic spectra of dried Indian Head coal and residues from 
supercri tical methanol extraction. 
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INTROOUCTI~N 
The ChemCoal Process u t i l i z e s  chemical means t o  t ransform coal and o the r  car- 

bonaceous ma te r ia l s  t o  s o l i d ,  l i q u i d ,  and s l u r r y  products. The process uses coal -  
der ived so lvents  and aqueous a l k a l i  t o  d i sso l ve  and breakdown carbonaceous 
mater ia ls .  
reac t i on  t o  cap organic  species. 
a ted from the  so lub le  organic  f r a c t i o n .  
water are ext racted from the so lub le  f r a c t i o n  and preasphaltenes (PA) and 
asphaltenes (A)  are p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  methanol. The p r e c i p i t a t e d  PA 
and A, t he  ChemCoal s o l i d  products, have been s l u r r i e d  and used i n  a d iese l  
engine. The methanol f r a c t i o n  i s  processed t o  recovery recyc le  sol vent, a1 ka l  i , 
water, l i g h t  o i l s ,  and methanol. 
process operat ion a t  t h e  U n i v e r s i t y  o f  Nor th Oakota Energy Research Center 
(UNDERC). A 10 TPO demonstrat ion p l a n t  i s  proposed and w i l l  be s i t e d  near 
Powhatan Point, Ohio. 

CLASSICAL THERMAL PROCESSES 

Class ica l  d i r e c t  coa l  l i q u e f a c t i o n  processes i n v o l v e  h igh  temperature thermal 
treatment of coal t o  rup tu re  chemical bonds producing f r e e  rad i ca l  coal fragments. 
The f ree rad i ca l  fragments are s t a b l i z e d  by capping, w i t h  hydrogen o f  a coal -  
der ived so lvent  u s u a l l y  represented as Tetrahydrodecal in  (THO), C10H12. 
represented as F igu re  I. 

Carbon monoxide i s  used t o  generate hydrogen v i a  the water gas s h i f t  
I n s o l u b l e  s u l f u r  and ash i m p u r i t i e s  are separ- 

Recycle solvent, l i g h t  o i l s ,  a l k a l i ,  and 

The process has been evaluated under continuous 

Th is  i s  

F igu re  I FREE RADICAL MECHANISM 

Hydrogen Donation C10H12 + 4R' f=z===========Y 4RH + C10H8 
S t a b i l i z e d  Coal Product 

The c l  assi ca l  process requ i res  tempertures and pressures o f  approximately 
425°C and 2500 psig. 
and so lvent  regenerat ion are c a r r i e d  o u t  simultaneously i n  the  l i q u e f a c t i o n  reac- 
t o r .  
consumption of 4,000 SCF/ton o f  coal .  

Competing f r e e  r a d i c a l  react ions,  n o t  shown i n  F igu re  I ,  can occur r e s u l t i n g  
i n  recondensation of t h e  free r a d i c a l  coal  fragments and degradation o f  t h e  hydro- 
gen s h u t t l e  species. 
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I n  the SRC process thermal bond rupture, hydrogen donation 

The hydrogen gas treatment r a t e  may be 20,000 SCF/ton o f  coal feed w i t h  a 

Hydrogen s h u t t l e  species a r e  converted t o  degradation spe- 



I 

c i e s  which do no t  l e n d  themselves t o  regeneration. Condit ions which favo r  the  
hydrogen donation r e a c t i o n  do no t  necessar i ly  f avo r  sol vent regeneration. 
process attempts t o  overcome the  so lvent  degradation and regenerat ion 1 i m i t a t i o n s  
by use of a separate c a t a l y t i c  regeneration reactor .  

The EDS 

IONICALLY-AIDED CONVERSION 

The chemical t r a n s f o r n a t i o n  o f  coal ,  by t h e  ChemCoal Process, may make use o f  
i o n i c  chemistry wh i l e  b e n e f i t i n g  from low temperature thermal bond rup tu re  mecha- 
nisms. 

ChemCoal Process mechanisms may b e n e f i t  from both i o n i c  and thermal pro- 
cesses. The keto form o f  t h e  o-(hydroxyphenyl Iphenylmethane, OPPM, shown i n  
F igu re  I1 i s  more e a f i l y  formed i n t o  to luene and phenol than t h e  enol form. 
C-C bond shown by ' x  i n  I1 decreases i n  s t reng th  from 86 t o  46 kcal/mol. 
decrease i n  bond st rength,  due t o  a s h i f t  from sp2-sp3 t o  sp3-sp3 bondings as wel l  
as i t s  a l l y l i c  p o s i t i o n  w i t h  respect t o  the  oxygen atom, i s  co r re la ted  t o  a 
decrease i n  a c t i v a t i o n  energy over unassisted bond cleavage. The major  e f f e c t  o f  
a nuc leophi le  such as PhO- i s  t o  f a c i l i t a t e  proton t r a n s f e r  i n  keto/enol tauto-  
merisms. The bond may then be broken homo ly t i ca l l y  a t  a lower temperature. 
enol tautomerisms may be i o n i c a l l y  aided lead ing  t o  the low temperature thermal 
bond rupture.  

The r o l e  o f  t he  PhO- and form e mechanism i n  the ChemCoal Process has been 
repor ted by Por te r  and co-workers!81 The r o l e  o f  oxygenat h rocarbon bond 
d i s s o c i a t i o n  has been repor ted by McMil len and c o - w o r k e r s . ~ ~ ) ? ~ ) ( ~ ~  

I n  the  ChemCoal Process the  t ransformat ion o f  coal i s  achieved a t  about 325Y 
and 1250 p s i g  i n  the  presence o f  phenolics, added a l k a l i  and water, and carbon 
monoxide. The requirement f o r  t e t r a l i n  o r  o the r  hydrogen s h u t t l e s  does no t  e x i s t .  
Hydrogen p lays  a p a r t  i n  the conversion b u t  an external  source o f  hydrogen i s  n o t  
required, as the  hydrogen i s  supplied from the water and CO. 

Under the  ChemCoal processing cond i t i ons ,  t h e  water gas s h i f t  r e a c t i o n  (WGSR) 
i s  promoted. 
promote the  WGSR do no t  necessar i ly  promote t ransformat ion o f  coal .  Therefore, i t  
i s  assumed t h a t  there i s  a competing r e a c t i o n  b u t  t h e  presence o f  hydrogen and the 
formate i o n  are b e n e f i c i a l .  

I o n i c  reac t i ons  are represented i n  F igu re  11. 

The 
Th is  

Keto- 

It has been observed i n  the  l abo ra to ry  t h a t  those cond i t i ons  which 

FIGURE 11. TUERHAL BOND RUPTURE AND ISOHER12ATION OR H-CAPPING 
IN THE PRESENCE OF A SUITABLE H-DONOR 

o-benrylphenol  

or 

H-Capping i n  
t h e  p c e s t n ~ e  
OL s u i t a b l e  

P h 
b 

k l P h  

(nucl.ophi10 a a . i s t e d  
p-benzylphon01 

..a. r.ng.ent1 

71 



PROCESS DESCRIPTION 
The ChemCoal Process i nvo l ves  t h e  f o l l o w i n g  f i v e  steps shown i n  F igure 111: 

F i g u r e  I 1 1  ChemCoal Process Schematic 

Sol va t i on  Lv 
Sol i d  

I I CH7OH 1 
Di  s t i l l  a t i  on 

c 
ChemCoal Sol i d  D i  s t i  11 ates 

Preparation: The coal i s  crushed and mixed w i t h  recyc le  so lvent .  
Sol vat ion:  The coal s l u r r y  i s  heated t o  about 325°C i n  the presence of 

syngas a t  approximately 1250 psig. 
des ign incorporates a slow heat ing r a t e  and a means t o  
ma in ta in  S/C r a t i o s  i n  t h e  reactor .  
The s l u r r y  i s  cen t r i f uged  t o  remove the so l ids.  
The f i l t r a t e  i s  t r e a t e d  w i t h  methanol t o  e x t r a c t  phenol, 
water, and a l k a l i .  The ChemCoal s o l i d  p r e c i p i t a t e s  and i s  
separated from t h e  l i q u i d  phase. 
The l i q u i d  phase i s  d i s t i l l e d  t o  recover methanol, d i s t i l -  
l a t e s ,  and r e c y c l e  solvents. 

The preheater and reactor  

S o l i d  Separation: 
L i q u i d  Separation: 

D i  s t i l l  a t i on :  

PROCESS RESULTS 

Table I s u m a r i z e s  t h e  u l t i m a t e  ana lys i s  o f  th ree  ChemCoal Process coal- 
der ived s o l i d  products. 
a re  s i m i l a r  t o  No. 2 and No. 6 f u e l  o i l  i n  terms o f  s u l f u r ,  n i t rogen,  and ash 
content. 

It i s  impor tant  t o  note t h a t  t h e  coal -der ived products 
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Table I ChemCoal Product Analyses Compared t o  Fuel O i l s  

Coal Rank: L i g n i t e  Bituminous Fuel O i l  Fuel O i l  
Source: No. Oak. Ohio No. 6 No. 6 No. 2 

Ash 0.19 
Carbon 83.5 
Hydrogen 6.41 
Nit rogen 0.92 
S u l f u r  0.25 
Oxygen ( d i  f f )  8.73 
HHV ( 8 t u / l b )  15,400 
l b  Ash/MMBtu 0.115 
l b  S02/W8tu 0.32 

0.12 0.01- 0.5 N i  1 
86.06 86.5 -90.2 86.1-88.2 
6.11 9.5-12.0 11.8-13.9 
1.23 2.0 0.2 
0.41 0.7- 3.5 .05- 1.0 
6.07 2.0 N i  1 
15,700 17,400-19,000 19,000-19,750 
0.076 0.005-0.30 N i l  
0.52 0.75-4.0 05.1.0 

Other ChemCoal Product P roper t i es  ( t y p i c a l  ) :  
A u t o i g n i t i o n  Temperature 1100, 2 3OoF 
Equ i l i b r i um Moisture 0.9% 
Spec i f i c  Grav i t y  1.03 

Also o f  concern i n  t h e  processing o f  coal i s  t h e  s u l f u r  and ash content  o f  
t h e  products. 
which shows t h a t  t he  products are very l ow  i n  ash and s u l f u r  content. I n  t h e  case 
o f  an Eastern coal from t h e  Sunnyhi l l  Mine i n  Ohio (Ohio No. 6 seam), i t  i s  seen t h a t  
t he  s u l f u r  and ash content  are reduced from 2.11 weight % t o  0.41 weight  % and 
10.5 weight % t o  0.12 weight %, r espec t i ve l y .  I n  t h e  case o f  t h e  Western low-rank 
coal from the Ind ian  Head Mine (Zap seam) o f  Nor th Dakota, t h e  s u l f u r  and ash are 
reduced from 1.18 weight % t o  0.25 weight % and 12.93 weight % t o  0.19%, respec- 
t i v e l y .  

Resul ts  obtained from a se r ies  o f  coa ls  a r e  summarized i n  Table I 1  

Table I1 ChemCoal Process Resul ts  

ChemCoal Percent 
Feedstock : 
I d e n t i f i c a t i o n :  

Coal Feeda Producta Reduction 
S u l f u r  Ash S u l f u r  Ash S u l f u r  Ash - - - -  _ _ -  

Ohio No. 6 2.11 10.5 0.41 0.12 80.6 98.9 

North Dakota L i g n i t e  1.18 12.93 0.25 0.19 78.8 98.1 
(Sunnyh i l l )  

( I n d i a n  Head Mine) 
Colorado Wadge 0.51 8.56 0.23 0.03 54.9 99.6 

(Energy Fuels 11) 

(B ig  Brown) 
Texas L i g n i t e  0.85 14.10 0.07 0.07 91.8 99.5 

a Weight percent, on a mois ture- f ree bas is .  

CONTINUOUS PROCESS UNIT (CPU OPERATION i 

1 mode. The u n i t  i s  depic ted schematical ly i n  F igu re  I d 5 ) .  Table 111 summarizes 
I 

A continous process u n i t  was operated a t  UNDERC under the  ChemCoal processing 

t h e  operat ing cond i t i ons  f o r  the CPU t e s t  on an Ind ian  Head L i g n i t e .  The CPU 
operated f o r  40 recyc le  passes. 
recyc le  so lvent  was approximately 95% coal -der ived from t h e  process. 

The r e s u l t s  confirmed 
e a r l i e r  batch conversion data, estab l ished o p e r a b i l i t y  o f  t he  process, and so lvent  
ba l  antes. 

During passes 30-39, GC/MS data i n d i c a t e d  the  ! 
Table I V  summarizes the  r e s u l t s  from t h e  recyc le  t e s t .  t 
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FIGURE IV 
The ChernCoal CPU Scheme 

I I 

Solvent w Water 
Make.up NaOll-1.45 

Coal. wrh'water. 25.34 
m l  ARWfoAsh. 7.48 
mICoal 25.74 
mal Coal 23.81 

I 

FIGURE 2.4. Developing Stream Dala as WI% 01 Feed Slurry 

/--A-J ChemCoal 

Table 111 ChemCoal Recycle Test - Operating Conditions 
Indian Head Lignite 

1.8 solvent-to-coal r a t i o  (2 .5  lbs/hr)  
A1 kal i a t  6% of MAF coal 
Preheater/refl ux -- 25O0C/18O0 psi  
Reactor/refl ux -- 340"/1800 psi 
Syngas feed before reactors  ( 7  SCFH) 
MEOH addition t o  PPT ChemCoal sol ids  
Centrifuge -- sol ids  removal 
Dis t i l l a t ion  -- 19" VAC/10O0C 

Table iV ChemCoal Recycle Test - Results 
Indian Head Lignite 

I 

. System operable for  40 recycle passes . Solvent balance achieved 

. Conversions -- = 85% MAF coal . Reductant consumption ( C O )  i n  H2 equivalents 6 1.5% MAF coal . Gas make -- * 2.0% M A F  coal . PA and A y i e l d  -- 50% MAF coal . D i s t i l l a t e  y ie ld  -- 30% MAF coal 

7 4  
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DEMONSTRAT I ON PLANT 
An o v e r a l l  b lock  f l o w  diagram o f  a conceptual 10 TPD.ChemCoa1 demonstrat ion 

p l a n t  i s  shown i n  F i g u r e  V. A b r i e f  d e s c r i p t i o n  o f  t h e  processing steps i s  g i ven  
i n  the f o l l o w i n g  paragraphs. 

The coal i s  rece ived  from storage, crushed and ground t o  80% minus 200 mesh. 
The coal i s  then mixed w i t h  two pa r t s  O f  process-derived recyc le  so lvent  t o  one 
p a r t  coal and an amount o f  aqueous a1 ka l  i . 

The s l u r r y  mix i s  pumped t o  about 1500 p s i g  through a 
heater/preheater/reactOr system. 
t i o n  occurs a t  about 340°C. 

The reac to r  e f f l u e n t  m ix tu re  (gas, l i q u i d ,  and s o l i d s )  i s  separated i n  a 
phase separator. 
t o  the l i q u i d  s l u r r y  streams. 
species . 

The s l u r r y  stream i s  processed through a c e n t r i f u g e  t o  remove so l i ds .  
f i  1 t e r  cake ( c e n t r i f u g e  sol i d s )  i s  washed t o  recover process so lvent  cons t i  t u -  
t en ts ,  which a re  re tu rned  t o  t h e  process. The cleaned cake i s  rendered i n e r t  by 
heat treatment (py ro l yzed ) ,  a l l  l i q u i d s  returned t o  the  process, and a l l  gases 
( n o t  shown) f l a r e d  and scrubbed. 

stream. The ChemCoal so l  i d  product (coal -der ived preasphaltenes and a1 phal tenes) 
p r e c i p i t a t e s  when contacted w i t h  methanol. The p r e c i p i t a t e  i s  removed by c e n t r i -  
fugat ion,  washed, and s tored f o r  subsequent product t es t i ng .  The l i q u i d  stream i s  
d i s t i l l e d  t o  recover recyc le  so lvent ,  coal -der ived d i s t i l l a t e ,  and methanol. 

Inc., C R I  Associates, L imi ted,  and The Nor th American Coal Corporat ion i s  p lanning 
t o  design, cons t ruc t ,  and operate a demonstration p l a n t  a t  a f a c i l i t y  near 
Powhatan Po in t ,  Ohio. 
the MK-Ferguson Company o f  Clevland, Ohio are a s s i s t i n g  ChemCoal Associates i n  
t h i s  e f f o r t .  

I n  t h e  presence o f  carbon monoxide, coal solva- 

Residual l i q u i d s  are condensed from the  gas stream and returned 
The gases are f l a r e d  and scrubbed t o  remove noxious 

The 

The f i l t r a t e  ( c e n t r i f u g e  l i q u i d s )  a re  contacted w i t h  a recyc le  methanol 

ChemCoal Associates, a j o i n t  teaming arrangement between Carbon Resources, 

The U n i v e r s i t y  o f  Nor th Dakota Energy Research Center and 
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THE DIRECT USE OF NATURAL GAS IN ~ A L  LIQUEFACTION 

Muthu S. Sundaram* and Heyer Steinberg 
Process Sciences Div is ion  

Brookhaven Nat ional  Laboratory 
Upton, New York 11973 

The main objec t ive  i n  coal l i q u e f a c t i o n  is t o  convert coal  i n t o  a 
b e t t e r  fue l  t h a t  i s  e a s i e r  t o  t ranspor t  and c leaner  to  burn. During the  
l iquefac t ion  process ,  the macromolecular network of coal substance is  
broken i n t o  smaller  u n i t s  and rearranged i n t o  l i g h t e r  products of reduced 
molecular weight. More s p e c i f i c a l l y ,  the chemical conversion of coa l  in- 
volves an upgrading i n  its hydrogen content  or i n  o ther  words, increas ing  
the H / C  r a t i o .  

I n  l iquefac t ion ,  t h i s  is  achieved by rap id ly  heat ing coa l ,  s l u r r i e d  
i n  a hydrogen donor vehicle ,  to temperatures of  350-500% f o r  considerably 
long residence times. The s l u r r y  vehic le  serves  both aa a d ispersant  as  
well a s  the reac tan t .  The commonly employed s l u r r y  vehic les  conta in  par t -  
l y  sa tura ted  s t r u c t u r e s  such a s  t e t r a l i n .  The importance of the vehic le  
was recognized by Fischer  i n  1937( l )  and the r o l e  of hydrogen t r a n s f e r  
from vehic les  to  coa l  was discussed by Curran e t  a1.(2)  R ce t l y  Neavel 
s tud ied  the hydrogen t r a n s f e r  process  i n  much more d e t a i l . e 3 . a  I n  these 
i n t e r e s t i n g  s t u d i e s ,  he found t h a t  during i n i t i a l  s t a g e s  of l i q u e f a c t i o n ,  
very l i t t l e  hydrogen is  required to s t a b i l i z e  the f r e e  r a d i c a l s  generated 
from coal ;  however, during the la ter  s t a g e s  - when more benzene-soluble 
products a r e  formed - each successive increment of benzene-soluble mate- 
r i a l  required more hydrogen than the previous increment. For example, the 
incremental conversion from 40 t o  50% consumed 0.23 p a r t s  by weight of 
hydrogen, whereas the  same 10% conversion increment from 80 t o  90% con- 
sumed 0.8 p a r t s  by weight of hydrogen. Thus, the hydrogen t r a n s f e r  and 
hence hydrogen requirement i s  found to  increase exponent ia l ly  wi th  coal  
conversion. 

The hydrogen required has to  come e i t h e r  from the coa l  i t s e l f  or i t  
must be suppl ied from an ex terna l  source,  e.g. the s l u r r y  vehic le  or gase- 
ous hydrogen, or both. A l a rge  number of so lvents  have been used as s l u -  
r r y  vehicles .  The hydrogen donor capaci ty  of a solvent  depends m i t s  
molecular s t ruc ture .  Wise found t h a t  the hydro-aromatic compounds were 
more e f f e c t i v e  hydrogen donors than the aromatic  analog; f o r  example, 
p iper id ine /pyr id ine ,  pyrol idine/pyrrole ,  indol ine/ indole ,  tetrahydroquino- 
l ine /quinol ine ,  tetrahydronaphthalene ( te t ra l in) /naphtha lene ,  perhydropy- 
rene/pyrene, e t c  ( 5 )  T e t r a l i n  has been used as  a hydrogen donor so lvent  
f o r  a long time.i6) The u s e  of synthe t ic  recycle  so lvents  has increased 
r e c e n t l y  f o r  economic process purposes. However, f o r  labora tory  research  
s t u d i e s ,  t e t r a l i n  is s t i l l  used ex tens ive ly  where a hydro-aromatic so lvent  
is required.  

The hydro-aromatic solvents .  r i c h  in donor hydrogen, can meet the 
hydrogen demand even in the  absence of gaseous hydrogen. However, i n  most 
of the  processes cur ren t ly  under development, so lvents  with high hydro- 
aromatic  contents  a r e  not  always p r a c t i c a l .  For example, i n  t h e  Exxon 
donor so lvent  (EDS) process, i n  which a n  e x t e r n a l l y  hydrogenated recyc le  
donor so lvent  is used, about  50% of the hydrogen requirement is d i r e c t l y  
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m e t  by the gaseous hydrogen.('S8) Thus, i f  the concentrat ion of hydro- 
aromatics  is less i n  the recycle  so lvent ,  then the gaseous hydrogen would 
be a n t i c i p a t e d  to make up the def ic iency.  This was the case i n  which an 
I l l i n o i s  No. 6 (Monterey) coa l  was reacted f o r  90 minutes under 1000 p s i  
hydrogen pressure  i n  the presence of s y n t h e t i c  recyc le  so lvents  of varying 
t e t r a l i n  contents .  ( 9 )  

Vernon(10) s t u d i e d  the ro le  of molecular hydrogen on the pyrolysis  
of model compounds present  i n  coal .  From t h i s  study, he concluded t h a t ,  
"...high pressure  hydrogen can promote the hydrocracking of some carbon- 
carbon bonds i n  the  coal s t r u c t u r e  t h a t  a r e  too s t rong to  break thermally, 
and lead  t o  higher  d i s t i l l a b l e  l i q u i d  yields ."  This is a l s o  supported by 
the  SRC-I P i l o t  P l a n t  data.(11) An increase  i n  the p a r t i a l  pressure of 
hydrogen i n  the d i s s o l v e r  increased the coal  conversion with an a t tendant  
increase  i n  the  hydrogen consumption. I n  short-contact- t ime-l iquefact ion 
of severa l  coa ls  of d i f f e r e n t  ranks,  the low rank coa ls  consumed g r e a t e r  
amounts of hydrogen than the high rank coa ls  and i n  those cases  where the 

from the hydrogen gas. (I2) Under long residence times, the hydrogen con- 
sumption increased monotonically, both with temperature and pressure.  ( I 3 )  

L _  .gGrogeii cocsu;;p:ion vas high, s a b o t a n t i d  quant i ty  cf *drogeE was derived 

The deuterium t r a c e r  method developed by Heredy and coworkers has re- 
vealed t h a t  the  hydrogen contac t  opportuni ty  is very important f o r  the pro- 
duct ion of so luble  products. The so luble  products increased from 3 to  11 
t o  23%. a s  a r e s u l t  of increas ing  the hydrogen contac t  opportunity. They 
concluded t h a t  apparent ly  there  was 8 d i r e c t  rou te  f o r  incorporat ion of de- 
uterium ( tesumsbly hydrogen, t o o )  i n t o  the coal matrix without the a i d  of 
t e t r a l i n .  P14915) 

Recent s t u d i e s  by Morita, e t  a l ( l 6 )  show t h a t  the e f f e c t  of hydro- 
gen pressure  on coa l  hydrogenation was inf luenced by the type of coal used. 
The l i q u e f a c t i o n  conversion of a low v o l a t i l e ,  oxygen r i c h  Morwell coal 
(Aus t ra l ia )  w a s  n o t  a f fec ted  by hydrogen pressure.  On the other  hand, high 
oil y i e l d s  were obtained from a high v o l a t i l e  Taiheiyo coal (Japan) a t  high 
hydrogen pressures .  

Wilson, e t  have concluded t h a t  the la rge  consumption of 
hydrogen a t  400-425OC and 1000 psi hydrogen pressure,  i n  t e t r a l i n  donor 
s o l v e n t  l i q u e f a c t i o n  of Aus t ra l ian  Liddel l  coa l ,  is not due to  the hydro- 
genat ion of the aromatic  r ing ,  b u t  due to  the a l k y l  bond f i s s i o n  and hy- 
drogenolysis  reac t ions .  Thus, high hydrogen pressures  can lead t o  enhanced 
y i e l d  of by-product hydrocarbon gases ,  Cl-C4, which r e s u l t  is the  unprof i t -  
a b l e  consumption of expensive hydrogen. 

It appears  t h a t  c e r t a i n  c o n s t i t u e n t s  of coal mineral mat ter  may have 
c a t a l y t i c  e f f e c t  on the hydrogen t ransfer .  The  general agreement is t h a t  
i r o n  conta in ing  minerals ,  Fez03 and i r o n  s u l f i d e s  i n  p a r t i c u l a r  a r e  ex- 
c e p t i o n a l l y  good i n  enhancing the d i s t i l l a b l e  product yield.  ( 1 8 ~ 1 ~ )  
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A l l  e x i s t i n g  processes f o r  d i r e c t  l iquefac t ion  of coal  by so lvent  ex- 
t r a c t i o n ,  SRC-I, SRC-I1 and SRC-SCTL processes ,  the  EDS process  and the 
H-coal process ,  u t i l i z e  molecular hydrogen a t  high pressures  (over  1000 
psig) .  The t o t a l  hydrogen consumption is i n  the range of  3-5% of the 
amount of the coal feed of which a s i g n i f i c a n t  por t ion  comes from molecu- 
l a r  hydrogen depending on the rank of the coal  and the q u a l i t y  of the re- 
cycle  o i l .  The c o s t  ana lys i s  of a typ ica l  coa l  l i q u e f a c t i o n  process  shows 
t h a t  a s  much a s  one-third of the o v e r a l l  c o s t  goes towards hydrogen 
production. (20) 

T h i s ,  n a t u r a l l y ,  has increased i n t e r e s t  i n  f ind ing  cheaper s u b s t i -  
tutes f o r  expensive hydrogen. The use of CO, CO-HzO and CO-H2 i n  d i r e c t  
coal  l i q u e f a c t i o n  has been explored. (21-24) The b e n e f i c i a l  e f f e c t s  of 
d i r e c t  addi t ion  of H S on coal l i q u e f a c t i o n  has a l s o  been reported by se- 
v e r a l  w o r k e r ~ . ( ~ ~ * ~ ~ 3  More recent ly ,  a d d i t i o n  of H2S to the synthes is  
gas i n  the l i q u e f a c t i o n  of a l i g n i t e  has been found to increase  the hydro- 
gen donor capac i ty  of the recycle  solvent . (27)  The c a t a l y t i c  a c t i v i t y  
of s u l f i d e  minerals  i n  coal l i q u e f a c t i o n  l a r g e l y  seems to be r e l a t e d  to 
the capac i ty  to  generate  H2S v i a  f r e e  r a d i c a l  chain r e a c t i o n ~ . ( ~ ~ , ~ ~ )  
However, H2S might be advantageously recycled only i n  a process  where a 
high degree of s u l f u r  removal is not  required.  This  i s  due to the de- 
creased s u l f u r  removal from the product desp i te  the improved conversion of 
coal .  For example, increasing the p a r t i a l  pressure of HzS, from 6 p s i  to 
40 p s i  i n  1600 p s i  hydrogen, caused a decrease i n  the THF inaolubles  from 
10.4 to 5.6%. but  a t  the same time the s u l f u r  i n  the product l i q u i d  rose 
from 0.45 to  0.61%.(30) This can impose a severe economic penalty. 

One of the reaaons f o r  the use of CO + H2, CO + H20, CO + H 2  + HzS, 
and HzS i n  coa l  hydrogenation is t h a t  these gases  a r e  produced during the 
coal  l iquefac t ion ,  and i n  a real process they could be recycled. I t  is 
noted, however, t h a t  among the gaseous reac t ion  products, the y i e l d  of 
l i g h t  hydrocarbon gases  ( C 1  to  Cb), i n  general ,  is grea ter  than the  com- 
bined y i e l d  of gases containing hetero-atoms. Roughly, about half of the 
C1-C4 l i g h t  hydrocarbons is made up of methane alone and the  low rank 
coa ls  produce f a r  r e a t e r  amounts of methane and C2-C4 gases  than the 
higher  rank coa ls . (&)  

This  leads  to  an i n t e r e s t i n g  p o s s i b i l i t y  of using methane as  a sub- 
a t i t u t e  f o r  hydrogen i n  the d i r e c t  l i q u e f a c t i o n  of coal. Though methane 
gas is homogeneously s t a b l e  a t  l i q u e f a c t i o n  temperatures (methane i s  
thermodynamically s t a b l e  t o  temperatures of 75OOC). thermally produced 
f r e e  r a d i c a l s  from coal  and, the f r e e  r a d i c a l s  from the so lvent  can ab- 
s t r a c t  hydrogen atom from methane, thereby s e t t i n g  the atage f o r  an a r r a y  
of f r e e  r a d i c a l  reac t ions .  I t  should be noted t h a t  methane and hydrogen 
both have the same bond d issoc ia t ion  energy (CH4 __c CH3. + H. and - 
HZ H. + H.) equal  t o  104 K ~ a l / m o l e . ( ~ ~ )  I t  is poss ib le  t h a t  during the 
courae of the f r e e  r a d i c a l  reac t ions ,  the methyl r a d i c a l s  generated from 
the d i s s o c i a t i o n  of methane could react with r a d i c a l s  from coal  thereby 
causing a l k y l a t i o n  of coal. Alkylated coal  has been found to produce 
g r e a t e r  i e l d  of benzene and pyridine so luble  products than the  unt rea ted  
coal .  ( 3 3 r  
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There is, y e t .  another  possible  f a c t o r  t o  be considered i n  the i n t e r -  
8 C t i O M  of methane w i t h  C o d  i n  a so lvent  vehic le .  The f ree  r a d i c a l s  pro- 
duced from the methane w i l l  e i t h e r  r e a c t  with the so lvent ,  the coal ,  or 
even the methane i t s e l f .  This would tend to increase  the t o t a l  l iqu id  and 
gaseous y ie ld  i n  the system. Thus, it may be expected tha t  not  only w i l l  
the coa l  be converted t o  l i q u i d  hydrocarbon products ,  bu t  the makeup feed 
mater ia l  a l s o  would be converted to  valuable  higher  hydrocarbon products. 
The economic a t t r a c t i v e n e s s  of the e n t i r e  process should, therefore ,  
improve. 

No experimental d a t a  on the use of methane, in  d i r e c t  l i q u e f a c t i o n  of 
coal e x i s t  i n  the l i t e r a t u r e .  In  an e f f o r t  t o  def ine the possible  r o l e  of 
methane i n  the conversion of coal  t o  l i q u i d  products, experiments were 
conducted with a n  I l l i n o i s  No. 6 coa l ,  designated as PSOC-1098 i n  Penn 
State/DOE Coal d a t a  base. An a n a l y s i s  of the Coal employed i n  t h i s  inves- 
t i g a t i o n  i s  g iven  i n  Table  1. 

Detai led d e s c r i p t i o n  of the cons t ruc t ion  and operat ion of the tubing 
bamb r e a c t o r  is avai lable . (34)  The l i q u e f a c t i o n  condi t ions were as 
follows: 2.5gm Coal + 7ml t e t r a l i n e  as donor vehic le ,  400-425OC, gas 
pressure ( a t  temprature)  1400 p s i ,  30 minutes reac t ion  time and a g i t a t i o n  
a t  400 min-l. A t  the end of the reac t ion ,  the contents  were cooled by 
quenching the r e a c t o r  i n  cold water and the gases  were vented to  the atmo- 
sphere. The remaining products were r insed  out of the r e a c t o r  i n t o  a 
soxhle t  t r imble wi th  e t h y l  a c e t a t e  (EtoAc). This  was then followed by ex- 
haust ive e x t r a c t i o n  of the products with EtoAc i n  a soxhlet  apparatus f o r  
24 hours. Af te r  removal of EtoAc i n  a vacuum oven, the residue was weigh- 
ed t o  determine t h e  t o t e l  conversion. From a knowledge of the coal miner- 
a l  mat ter  c o n t e n t  of Coal, l i q u e f a c t i o n  conversion on a dry,  mineral 
matter f ree  b a s i s  c8n be c a l c u h t e d .  

Table  1 

Analysis  of PSOC-1098, I l l i n o i s  No. 6 hvAb Coal 

Proximate Analysis: Ultimate Analysis: 

daf dmmf (Par r )  
% V o l a t i l e  matter: 35.15 mm: 19.32% 
% Fixed carbon : 48.99 C 80.20 83.64 

N 1.45 1.51 
S 4.73 
c1 0.06 0.06 
0 ( d i f f )  7.84 8.03 

% D r y  a s h  : 15.86 H 5.73 5.97 

The l i q u e f a c t i o n  experiments i n  methane atmosphere were conducted 
with b o t t l e d  methane gas a t  400, 425, and 45OoC. The Coal l iquefac t ion  
conversions to e t h y l  a c e t a t e  so lubles  ( o i l s  + a S p h d t a ' ~ e S )  p lus  gases were 
71.3, 73.4 and 75.4% (dmmf) a t  400. 425 and 450OC, respec t ive ly .  These 
data  a r e  p lo t ted  as a func t ion  of temperature i n  Figure 1. I n  comparison, 
the l i q u e f a c t i o n  of the  same C o d  a t  425OC yielded 74.8% (dmmf) of gases  
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and l i q u i d s  i n  the presence of hydrogen which is only s l i g h t l y  higher  than 
i n  methane (73.4X) and 68.2% (dmmf) i n  ni t rogen,  which is considerably 
lower than i n  methane. Thus, the ind ica t ion  is t h a t  methane could be a 
p o t e n t i a l l y  usefu l  hydrogenation agent  i n  d i r e c t  coal l iquefac t ion .  A 
s impl i f ied  process block-diagram of the var ious processing s t e p s  a r e  shown 
i n  Figure 2. 

A comparative assessment of the performance of the Coal-methane sys- 
tem with the coal-hydrogen system under nominal l i q u e f a c t i o n  condi t ions ,  
i n  var ious so lvents ,  w i l l  be an important cont r ibu t ion  to  the emerging 
coa l  l i q u e f a c t i o n  science and technology. This  study could lead t o  the 
development of a l t e r n a t e ,  new and economically a t t r a c t i v e  coal l iquefac-  
t i o n  processes. 
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Shuyen Huang, Karl Wood, and Ramani Narayan 

Coal Research Center 
Institute for Interdisciplinary Engineering Studies 

Purdue University 
A.A. Potter Engineering Center 
West Lafayette, Indiana 47907 

Introduction 

It is generally accepted that a bituminous coal is best represented as a macromolecular, 
highly cross-linked, three-dimensional structure with aromatic clusters cross-linked by ether 
and alkane bridges and hydrogen bonds (1.2). Therefore, most coal conversion reactions 
involve reacting coal under severe conditions of temperature and pressure. As a result of 
the severe conditions, bond cleavage was nonselective and often accompanied by 
retrogressive (bond-forming) reactions. In this paper, we report on the reaction of a 
bituminous coal with a powerful yet selective site-specific reagent, namely, potassium-crown 
ether operating at room temperature and atmospheric pressure. The potassium-crown ether 
reagent can generate a stable solution of electrons at room temperature and atmospheric 
pressure (3,4). The small size of the electron and its high reactivity permits it to diffuse 
into the macromolecular coal network and transfer onto the aromatic substrates in the coal. 
This results in the formation of aromatic radical anions or dianions which undergo cleavage 
reactions at ether (5.6) and diary1 alkane linkages (7.8). Furthermore, crown ethers act as 
phase transfer catalysts in promoting the electron transfer to the solid coal. The reduction 
of the aromatic rings to dihydro or tetrahydro products occurs along with the cleavage 
reactions (9). 

Experimental 

A 250 ml round bottom flask was flame dried and flushed with nitrogen. Potassium 
metal (2.96 g. 75 mmole) was cleaned and cut under hexane and transferred into the round 
bottom flask in a nitrogen atmosphere glove box. The flask was again flame dried and 
flushed with nitrogen to remove traces of hexane. 100 ml THF solution of crown ether (4.0 
g,  15 mmole) was added to the potassium metal via a double-ended needle. A dark blue 
solution was obtained which was cooled to O°C in an ice bath for 30 minutes. One gram of 
Illinois No. 6 coal (C=74.69%; H=5.44%; N=1.88%;0=18.06%; 100 mesh) was added to 
the K-CE/THF solution using a transferring tube which was originally attached to the round 
bottom flask. The reaction mixture was stirred for 48 hours under nitrogen at room 
temperature. It was then cooled to O°C and quenched with water. The THF was removed 
by rotaevaporation. The aqueous slurry of the coal was freeze-dried to remove the water. 
The work-up of the reacted coal is shown in Figure 1. 

Results and Discussion 

The Illinois No. 6 bituminous coal was reacted with the potassium-crown ether reagent 
at room temperature and atmospheric pressure. The reaction mixture was quenched with 
water and fractionated into THF extracts and alkali-solubles as shown in Figure 1. For each 
K-CE reaction, 5 2 0 %  of the coal was solubilized into THF and aqueous alkali fractions. 
After the third and fourth K-CE reactions, about 50% and 75% of the original coal was 
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solubilized, respectively. The formation of the alkali-soluble coal fragments indicated that 
ether linkages are being cleaved to form phenolic coal fragments. 

Table 1. Total Solubility of Illinois No. 6 Coal 
inr Each Fraction After Three and Four K-CE Reactions 

Notebook # THF-1 ALK THF-2 Total Solubility 
( W )  (8) (%) Solubles Residue 

H2-52A (A-C) 
Three K-CE Reactions 9.9 26.9 14.7 51.5 51.2 

H3-6 
Four K-CE Reactions 13.7 51.6 12.8 78.0 22.8 

The reason for successive K-CE reactions is due to certain limiting steps in the electron 
transfer process: (1) concentration of the solvated electrons in solution-more concentration 
of electrons, greater would be the transfer to the aromatic substrates in coal which in turn 
would mean greater cleavage and reduction reactions being initiated; (2) intrinsic repulsive 
barrier of the negatively charged aromatic substrates generally by the initial electron 
transfer; and (3) mass transport limitations. Obviously. one can increase the solubility of 
the coal into the various fractions by optimizing the potassium-crown ether to coal ratio, 
reaction time, temperature, and etc. However, successive potassium-crown ether reaction 
allows us to selectively snip at  the macromolecular network at room temperature and 
atmospheric pressure conditions to prepare solubilized coal fragments with are amenable to 
detailed chemical, spectroscopic, chromatographic, and mass spectrometry analysis. 

The elemental composition of each soluble fraction (THF-1, alkali, THF-2) and 
insoluble coal residue was determined by microanalysis. (Table 2). The hydrogen to 
carbon ratios are also included in Table 2. The results showed that after each K-CE reaction 
of coal there is an increase in the number of hydrogen atoms. The overall hydrogen uptakes 
are  7, 18, and 22 per 100 C-atoms for first, second, and third K-CE treatment, respectively. 
The hydrogen uptake is due to reactions such as Birch-Huckel-type reduction, cleavage of 
aliphatic bridges and ether linkages occurring during the K-CE reaction with coal. 

Both THF extracts (THF-1 and THF-2) have higher HIC ratio as compared to the alkali 
soluble fraction and the insoluble residue during each K-CE reaction. A gradual increase in 
H/C ratio for each fraction after second and third consecutive K-CE treatment was also 
observed. 
suggests further that reduction and cleavage of coal molecules upon additional K-CE 
treatment were occurring. 

Figure 2 shows the infrared spectra of the various extracts obtained from the K-CE 
reaction with the coal. The IR spectrum of THF-1 extract was dominated by sharp aliphatic 
CH stretching bands just below 3000 cm-' suggesting that this extract contains 
predominantly aliphatic material. This finding is in agreement with the high HIC ratio 
obtained for this extract. The spectrum f THF-2 extract also showed the dominating C-H 
stretching vibrations just below 3000 cm-'; however, a broad OH stretching vibration in the 
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Table 2. Elemental Analysis of K-CE Treated Coal 

Analysis ( ~ 4 1 )  (daf) 
C H N 0 HIC 

_____.  

Illinois No. 6 untreated coal 74.69 5.44 1.88 18.06 0.87 

(1st K-CE Reaction) 
2-5 2A -THF- 1 79.00 8.74 2.35 9.90 1.33 
2-5 2A-A lk 71.76 5.90 1.55 20.77 0.99 
2-52A-THF-2 74.02 7.04 0.81 18.14 1.14 
2-52A-Res 73.23 5.95 1.28 19.50 0.90 

(2nd K-CE Reaction) 
2-52A-THF-1 75.01 7.96 0.44 16.59 1.28 
2-52A-AIk 68.34 5.97 0.90 24.80 1.05 
2-52A-THF-2 67.93 7.22 0.56 24.20 1.28 
2-52A-Res 74.12 6.27 0.71 19.70 1.02 

(3rd K-CE Reaction) 
2-52A-THF- 1 
2-52A-Alk 71.00 6.67 0.99 21.34 1.13 
2-52A-THF-2 70.67 7.51 0.77 21.05 1.28 
2-52A-Res 73.00 6.54 1.02 1.94 1.08 

Note: THF-1: THF extract of alkali residue 
Alk: 
THF-2: THF extract of acidified residue after THF-1 and Alkali 

Aqueous alkali soluble fraction after THF-1 extraction 

extraction 

3400-3200 cm-' was also present. Thus, the THF-2 extract also contains aliphatic material 
which may be attached to a hydroxy aromatic ring system. Again, the increased HIC ratio 
nicely corroborates the prese ce of aliphatics. Both THF extracts showed carbonyl 
absorptions around 1710 cm-' The alkali-soluble fraction showed a strong carbonyl 
stretching vibration a 1700 cm-' coupled with a broad 0-H stretching vibration extending 
down from 3500 an-'. The infrared spectrum of the residue was similar to the untreated 
coal but showed weak carbonyl absorption bands. 

The carbonyl absorption bands present in the IR spectra of all the extracts suggests 
that reduction of phenolic units to cyclohexanone (i.e., OH to C=O) units was a major 
reaction pathway in the reaction of coal with the K-CE reagent. The reduction of phenols 
and naphthols to the corresponding dihydro or tetrahydro aromatic carbonyl compounds by 
the K-CE reagent has been confirmed by us using model compounds. More work needs to 
be done to clarify the reaction mechanism; however, the increased hydrogen content of the 
alkali soluble and residue fractions on consecutive K-CE treatments of coal supports this 
reduction chemistry. The reasons for the carbonyl components to be fractionated into an 
alkali soluble fraction, an insoluble residue fraction, and in the THF extracts are: (1) 
carbonyl units that can undergo a keto-enol-tautomerism would be rendered alkali soluble; 
(2) the cyclohexanone type units which are hooked to coal phenolic units would also be 
alkali soluble; and (3) the carbonyl components in the THF extracts would be the relatively 
nonpolar components. 
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Figure 3 shows the proton NMR spectrum of the THF-1 extract. The spectrum 
confirmed the presence of predominantly aliphatic material in this extract. Thus, the 
dominant sharp signal at 1.2 ppm is characteristic for methylene protons of long-chain 
polymethylenes. The group of signals in the 2-3 pprn region can be assigned to dihydro 
aromatic protons. Based on the mechanism of the K-CE reaction reduction of the aromatic 
ring to dihydro and even tetrahydro aromatics was expected and the NMR evidence nicely 
corroborates it. Thus, one of the major constituents of this extract is long-c 
polymethylenes which may or may not be attached to a hydroaromatic ring system. The C 
NMR spectrum (Figure 4) also strongly supported the presence of long-chain 
polymethyelene groups in the extract. The most intense signal is at 30.2 ppm which is 
generally assigned to the internal methylene carbons of straight-chain alkanes (an average 
carbon chain length of approximately 8). The presence of a broad spectral envelope in the 
15-50 ppm region in addition to the sharp alkane lines is indicative of the extract's 
complexity arising out of the presence of only small amounts of these polymethylene-type 
compounds. The broad complex band of carbon signals in the 120-130 pprn region is due to 
the aromatic and polycyclic aromatic species of the extract. 

Detailed characterization of the polymethylenes in the THF-1 extract was done using 
chemical ionization mass spectrometry and tandem mass spectrometry (MSIMS) ( 10,ll). 
Tandem mass spectrometry is a well-established technique for the direct analysis of complex 
mixtures, because it can do unaided separation and identification of the constituents of the 
mixtures. By using different scan types, the structure of individual components can be 
identified and the presence of series of related compounds can be ascertained. In particular, 
daughter scans identify specific constituents of the mixture on the basis of molecular weight 
and fragmentation behavior. 

Figure 5 shows the CI mass spectrum of the THF-1 extract. In it, one can identify 14 
sets of three intense peaks; each set separated by 14 amu. Based on the molecular weight, 
the first set of three peaks at  mlz 129, 131. and 133 can be assigned to the protonated 
molecular ions of naphthalene, dihydronaphthalene, and tetralin. It follows that the 
remainder sets of three intense peaks represented the homologous series of 
alkylnapthalenes. alkyldihydronaphthalenes. and alkyltetralins, with the polymethylene chain 
extending up to 14 carbons (Figure 6). In all probability, the dihydronaphthalene series and 
the tetralin series arise by Birch Reduction of the naphthalene compounds during the K-CE 
reaction. Therefore, only the homologous series of alkyl naphthalene compounds may be 
present in the coal. There are  other molecular ions present but their intensities are well 
below that of the naphthalene-polymethylene series. 

I t  was indeed surprising to obtain such a clean CI mass spectrum in which the 
polymethylene molecular ions predominate. Normally, mass spectra of coal mixtures is 
complex and messy and no clear-cut compound series can be identified. The reason we 
obtained such a clean spectrum is because the analysis was done on the THF-1 extract 
obtained from the second K-CE reaction. In the first K-CE reaction all the extractable 
material in coal and other compounds associated with coal will be removed during the THF 
extraction, alkali extraction and another THF extraction steps, leaving behind a pristine coal 
macromolecule. This strongly implies that the polymethylenes are not present as "trapped 
molecules" but as an integral part of the coal macromolecular matrix. The polymethylene 
chain could be present as crosslinks between aromatic clusters or  as long dangling side 
chains on an aromatic ring. 

Daughter spectra (Electron Impact) were taken for each and every member of the 
homologous series to confirm the structural identity of the polymethylene compounds. 

wn 
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Summary 

The reaction of a bituminous coal with the K-CE reagent resulted in the selective 
sniping of the linkages in the coal macromolecular network at room temperature and 
atmospheric pressure. Soluble chunks of coal fragments were obtained without recourse to 
any thermal or pressure effects. In addition to ether cleavage reactions, a major reaction 
pathway in the coal&-CE reaction is the reduction of phenolic groups to carbonyls. 
Analysis of the THF-1 extracts revealed the presence of a homologous series of alkyl 
naphthalenes and alkyl tetralins, with the methylene chain extending up to 14 carbon atoms, 
as the major components in the extract. These compounds are real and an integral part of 
the coal matrix and not present as trapped molecules. Any representation of coal structure 
or the development of coal process models would have to account for these pockets of 
aliphatic rich zones. 
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MLD OXIDATIVE SOLWILI~~ATION OF COAL lt4CERALS 

Randall E. Winans, Ryoichi Hayatsu, Robert L. McBeth, 
Robert G. Scot t  and Robert E. Bot to  

Chemistry Divis ion,  Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, I l l i n o i s  60439 

The objec t ive  of t h i s  s tudy i s  t o  s o l u b i l i z e  coa l  macerals and an Argonne 
Premium Coal Sample us ing  oxidat ion and t o  charac te r ize  these  soluble  products. A 
major problem i n  coa l  charac te r iza t ion  and i n  coa l  u t i l i z a t i o n  is  the i n t r a c t a b i l i t y  
of the coa l  macromolecular network. High temperature t reatments  y i e l d  smaller, 
v o l a t i l e  and so luble  molecules, which can be g r e a t l y  a l t e r e d  from t h e i r  o r i g i n a l  
s t r u c t u r e s ,  along with a s i g n i f i c a n t  amount of a non-volatile char. Mild oxidat ion 
should provide a s o l u b l e  mixture of compounds i n  higher  y i e l d s  and with s t r u c t u r a l  
c h a r a c t e r i s t i c s  more l i k e  the o r i g i n a l  coal. The approach descr ibed i n  t h i s  paper 
a t tempts  t o  o x i d a t i v e l y  cleave only ac t iva ted  benzyl ic  sites i n  the  coal  macro- 
molecules i n  a two s t e p  process. I n  the  f i r s t  s t e p  benzyl ic  s i t e s  which a r e  
p a r t i a l l y  a c t i v e  due t o  oxygen f u n c t i o n a l i t y  e i t h e r  on the  aromatic r ing  or on the  
benzyl carbon a r e  f u r t h e r  ac t iva ted  by t h e  formation of pyridinium s a l t s  a t  tha t  
carbon from the  r e a c t i o n  with pyr id ine  and iodine. In t h e  second s t e p  t h i s  carbon 
i s  oxidized by a l k a l i n e  s i l v e r  oxide r e s u l t i n g  i n  formation of carboxyl ic  acid 
groups. This  process  has  been described i n  an i n i t i a l  communication f o r  whole coals  
(1) and the  r e s u l t s  of the  f i r s t  reac t ion  on the  macerals, used i n  t h i s  s tudy,  has 
been published ( 2 ) .  This  repor t  w i l l  focus on the  y ie lds  of the  oxidat ion s t e p  and 
the  charac te r iza t ion  of  t h e  products. 

A few oxida t ive  degradat ion s t u d i e s  on separated coa l  macerals have been 
published (3-5).  In these  s t u d i e s  there  was extensive oxidat ion and only small 
molecules were i d e n t i f i e d .  In t h i s  s tudy,  both smaller and higher  molecular weight 
f rac t ions  which were separa ted  on the  bas i s  of s o l u b i l i t y  have been character ized 
using gel  permeation chromatography (GPC), GCMS, Pyrolysis  MS (PyMS) the prec ise  
mass measurement mode, F a s t  Atom Bombardment (FAB) MS, and NMR. FAB MS has proven 
t o  be usefu l  i n  t h e  charac te r iza t ion  of po lar  b io logica l  compounds. This i s  the  
f i r s t  appl ica t ion  of t h i s  technique t o  coa l  oxidat ion products. Since FAB is a 
r e l a t i v e l y  mild i o n i z a t i o n  technique, it should help t o  charac te r ize  products with 
molecular weights g r e a t e r  than 500. Compounds i n  t h i s  range a r e  not v o l a t i l e  enough 
f o r  GCMS and a r e  broken down i n t o  smaller  fragments by PyMS. However, the chance of 
rearrangements i n  PyMS a r e  reduced when pyrolysing t h e  oxidat ion products i n  
comparison t o  the whole coals  o r  maceral concentrates .  It i s  i n t e r e s t i n g  t o  note  
the remarkable lack of l a r g e  polycycl ic  aromatics i n  t h e  so luble  products. The 
s i g n i f i c a n c e  of t h i s  r e s u l t  will be discussed. 

EXPERIMENTAL 

Samples 

A descr ip t ion  of  the  macerals and whole coal  i s  given i n  Table 1. Deta i l s  of 
the maceral s e p a r a t i o n  have been reported (2).  The Upper Elkhorn and the Brazi l  
Block samples have been separated from coals  obtained from Pennsylvania S t a t e  
University labe l led  PSOC 1103 and PSOC 828, respect ively.  The subbituminous coal is 
the Argonne Premium Coal Sample (APCS) number 2 ,  which has  been recent ly  mined and 
has been s t o r e d  under n i t rogen  i n  sealed g l a s s  ampules. The preparat ion of t h e  oxy- 
methylene l inked  polymer(1) has  been descr ibed (6 ) .  
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Oxidations 

i 

The pyridinium salts of t h e  samples were prepared by re f lux ing  1 g of the  coal ,  
maceral or  polymer i n  60 m l  of pyridine with 4 g of iod ine  f o r  70 hrs  (2). The 
react ion mixture was poured i n t o  10% aqueous NaHS03 and the s o l u t i o n  f i l t e r e d .  The 
der ivat ized coal  was washed f r e e  of pyridine,  d r ied  and analyzed. In a t y p i c a l  
oxidation f r e s h  Ag20, prepared from 8.5 g of &NO3 and sodium hydroxide, was 
refluxed with 1.0 g of the  s u b s t a t e  in 50 m l  of 10% aqueous NaOH f o r  20 hrs .  The 
s i l v e r  and unoxidized samples were removed by f i l t r a t i o n  and the f i l t r a t e  a c i d i f i e d  
with aqueous HC1. Products which were a l k a l i n e  so luble  but inso luble  in the  
s l i g h t l y  a c i d i c  s o l u t i o n  were termed humic acids .  The so lubles  were ex t rac ted  with 
Et20-MeOH. Yields w e r e  determined by analysing the  products f o r  carbon. The 
products were methylated with diazomethane f o r  f u r t h e r  ana lys i s .  

Character izat ion 

Approximate molecular s i z e  d i s t r i b u t i o n s  were determined by g e l  permeation 
chromatography using a s e t  of three ul t ra-Styragel  columns with 100, 500, and 1000 A 
nominal pore diameters. The samples were e l u t e d  with THP and detected by UV a t  
254 nm. The c o l u m s  were c a l i b r a t e d  using a s e t  of esters of known molecular 
weight. 

GCMS and PYMS d a t a  were obtained on a Kratos MS-25 mass spectrometer. A 60 m x 
0.25 mm DB-1701 fused s i l i c a  column was used in GCMS analys is .  The d e t a i l s  of the  
PyMS experiment have been reported (2). The samples were a l l  heated a t  50"/min on a 
platinum screen and the  instrument was operated in the  prec ise  mass measurement 
mode. The PABMS d a t a  were obtained on a VG 70-250 a t  the  Universi ty  of Chicago, 
Chemistry Department. Argon gas was used with g lycero l  as the probe matrix. NMR 
da ta  were taken on a Bruker AM-300 using CDClJ3 a s  a solvent .  

RESULTS AND DISCUSSION 

The y ie lds  f o r  the  oxidat ion s t e p  a r e  very sample dependent as  i s  shown i n  
Table 1. The y i e l d s  a r e  ca lcu la ted  based on the  carbon content  of the  s t a r t i n g  
mater ia l  and of the  products with the  values given being an average of a t  l e a s t  two 
experiments. The oxida t ion  of the  Illinois No. 2 v i t r i n i t e  yielded 84% of the  
o r i g i n a l  carbon in t h e  so luble  products. This r e s u l t  can be cont ras ted  with the 
f u s i n i t e  where only 47% of the carbon has been recovered of which 40% was the 
E t Z O / H e O H  soluble  f r a c t i o n .  I f  one assumes t h a t  f u s i n i t e  is " f o s s i l  charcoal" ,  then 
t h i s  r e s u l t  is expected. The number of pyridinium salts formed (1.5/100 carbons) i s  
small and suggests  t h a t  much of the  oxygen occurs as  he te rocycl ics .  In addi t ion ,  
there  were probably l e s s  benzyl ic  carbons in t h i s  f u s i n i t e  compared t o  t h e  v i t r i n -  
ite. The lower y i e l d  f o r  the  s p o r i n i t e ,  62%, compared t o  t h e  v i t r i n i t e  may r e f l e c t  
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t h e  grea te r  a l i p h a t i c  content  of the s p o r i n i t e  which would be r e s i s t a n t  t o  oxida- 
t ion .  The APCS #2 has  a s i m i l a r  composition t o  the  I l l i n o i s  No. 2 v i t r i n i t e  and 
y i e l d s  e s s e n t i a l l y  t h e  same amount of so lvent  so lubles  but less humic a c i d  
mater ia l .  Oxidation of t h e  polymer gives only 1,4aaphthalenedicarboxylic acid. No 
evidence the  naphthalene r i n g  oxidat ion has  been found. It is i n t e r e s t i n g  t o  note  
t h a t  one naphthalene-dicarboxyic a c i d  is formed f o r  every pyridinium s a l t .  

The Et20/MeOH s o l u b l e  f r a c t i o n  does have a s i g n i f i c a n t  amount of higher  
molecular weight materials as is seen in the  GPC d a t a  from the methyl e s t e r s  
presented in Figure 1. The molecular s i z e  s c a l e  is only approximate and t h i s  
approach works bes t  f o r  comparisons. Figure l a  compares I l l i n o i s  No. 2 v i t r i n i t e  
with f u s i n i t e .  The f u s i n i t e  gives  a narrower d i s t r i b u t i o n  s h i f t e d  t o  a la rger  
molecular s i z e  compared t o  t h e  v i t r i n i t e .  A comparison of the  so lvent  so lubles  and 
humic acid from Upper Elkhorn v i t r i n i t e  is shown in Figure lb. The humic f r a c t i o n  
higher  MW peak is s i g n i f i c a n t l y  higher than t h e  corresponding peak f o r  solvent  
soluble .  Since t h i s  is a f a i r l y  mild degradation the molecular s i z e  d i s t r i b u t i o n  is 
t y p i c a l l y  a t  a much higher  MW compared t o  pyro lys i s  products of the sample 
samples. F ina l ly ,  it is i n t e r e s t i n g  to note  t h e  d i f f e r e n c e  in Figure IC of the  
output  from a W and a f luorescence de tec tor  which a r e  in- l ine.  The chromograms 
have been normalized, but the poor signal-to-noise from the  f luorescence de tec tor  i s  
a good indica t ion  of t h e  lack of f luoresc ing  compounds such as polycycl ic  aromatics 
in the  product. 

Proton NMR d a t a  lends  support  t o  the  observat ion of the lack of polycycl ic  
aromatics. Since even t h e  so lvent  so luble  f r a c t i o n s  contained compounds which are 
too large and non-volat i le  f o r  E M S ,  the  proton NMR s p e c t r a  have been taken. The 
methyl e s t e r  region is t h e  most informative and is shown f o r  the  I l l i n o i s  No. 2 
samples in Figure 2. From t h e  s p e c t r a  of a number of known methyl esters, three  
regions can be assigned:  3.6-3.8 a l i p h a t i c .  3.8-4.0 s i n g l e  r i n g  aromatics and 
heteroaromatics ,  and 4.0-4.2 polycycl ic  aromatics and heteroaromatics. Single-ring 
aromatics and a l i p h a t i c s  a r e  t h e  most abundant spec ies  in these  samples. 

Compounds t h a t  can be separated by GCMS are mostly benzene, and hydroxybenzene 
carboxyl ic  acids .  The t o t a l  ion chromatogram f o r  APCS 112 is shown in Figure 3. 
Although t h i s  is a f a i r l y  mild oxidant ,  t e t ra - ,  penta- and hexa carboxyl ic  ac ids  a r e  
s t i l l  formed. Also note  even the  hydroxybenzene t e t r a -  and penta-carboxylic ac ids  
a r e  formed. More model compounds a r e  being examined t o  b e t t e r  understand t h i s  
r e s u l t .  In addi t ion  t o  benzene and hydroxybenzene carboxyl ic  acids .  furan 
carboxyl ic  ac ids  a r e  found i n  s i g n i f i c a n t  abundance. 

Fragments found by PyMS with APCS 12 and the v i t r i n i t e s  a r e  dominated by 
a l i p h a t i c s  and s i n g l e  r i n g  aromatics and hydroxylated aromatics. PyMS of t h e  humic 
products r e s u l t s  in v o l a t i l i z a t i o n  a t  lower temperatures as compared with t h e  coal  
o r  maceral, a s  is shown i n  Figure 4 .  Comparing the  pyro lys i s  products between the 
t w o  samples, the  most s t r i k i n g  d i f f e r e n c e  is t h e  reduct ion in a l i p h a t i c s  in the  
humic acid f r a c t i o n .  Figure 5 shows the d i s t r i b u t i o n  of hydrocarbons found as a 
funct ion of Z-number (hydrogen def ic iency ,  0-alkane, 1-alkene, 4-benzene, e tc .  >. 
However, in each case t h e  cont r ibu t ion  of fragments with mre than 1 aromatic r ing  
was small. 5 .6% f o r  t h e  coa l  and 4.6% f o r  t h e  oxida t ion  product. A milder 
ion iza t ion  approach has  been taken with some of these  samples. A FAB MS spectrum 
f o r  the so lvent  s o l u b l e s  from the  Upper Elkhorn v i t r i n i t e  is shown in Figure 6 .  
Again. peaks which can be i d e n t i f i e d  as  s i n g l e  r i n g  compounds dominate. Rowever, 
un l ike  e lec t ron  impact peaks a r e  seen a t  M / Z  > 400. The condi t ions f o r  t h i s  
experiment need t o  be optimized and a matr ix  more s u i t a b l e  than g lycero l  used. 
Also. Some of these  samples w i l l  be analysed using f i e l d  i o n i z a t i o n  MS. 



All of these results strongly suggest that for our vitrinite samples and the 
subbituminous coal sample the single ring aromatics dominate. Unlike many other 
experiments most of the carbon is characterized using this approach. More model 
compounds and polymers are being studied to verify the selectivity of this 
derivatizationloxidation procedure. 
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Figure 1 .  Gel permeation chromatograms of methyl e s t e r s :  a )  I l l i n o i s  No. 2 ,  
solvent soluble fracti0.k; b)  Upper Elkhorn No. 3 v i t r i n i t e .  and c )  I l l i n o i s  
No. 2 v i t r i n i t e  solvyent soluble fract ion.  
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Figure 2. 'H NMR spectra of I l l i n o i s  No. 2 solvent  so lub le  f rac t ion ,  e s t e r s .  
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Figure 3. Total Ion chromatogram of APCS #2 solvent  soluble fract ion,  methyl 
e s ters .  Major peaks: 28-68 number of carboxylates on benzene, 2P-5P number 
on phenol and 2F-4F number of carboxylates on furans. 
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1. I n t r o d u c t i o n  

The physical and chemical p roper t i es  and processing c h a r a c t e r i s t i c s  of 
most coals are extremely sens i t i ve  t o  storage condi t ions. ( l -3)  Both d ry ing  and t h e  
a i r  induced ox ida t i on  a re  known t o  produce subs tan t i a l  changes t o  coal. Conse- 
quently, they have been the  subject o f  study throughout t h e  h i s t o r y  o f  coal 
research. I n  t h i s  paper we discuss some o f  t he  recen t l y  obtained data i n d i c a t i n g  
tha t  these processes i nvo l ve  a few simple chemical t ransformat ions which are c l o s e l y  
coupled by v i r t u e  o f  t h e i r  k i n e t i c  behavior. I n - s i t u  FT- i r  analys is  used t o  examine 
the ove ra l l  chemical changes i s  examined herein. L i g h t  and neutron s c a t t e r i n g  were 
used t o  examine the concomitant s t ruc tu ra l  changes thereby prov id ing some informa- 
t i o n  on the l o c a t i o n  o f  some o f  t he  reac t i ve  f u n c t i o n a l i t y  w i t h i n  the  coal matr ix .  
These s tud ies w i l l  appear elsewhere.(4-7) 

Dry ing i s  be l ieved t o  r e s u l t  p r i n c i p a l l y  i n  the l o s s  o f  adsorbed water, 
though some stud ies suggest t h a t  chemical a l t e r a t i o n s  occur. That d ry ing  produces 
some a l t e r a t i o n  i s  evidenced by the rou t i ne  use o f  d ry ing  p r i o r  t o  almost a l l  coal 
studies or processing. The de-facto s tandard izat ion leads t o  a coal having repro- 
duc ib le  cha rac te r i s t i cs .  Despite considerable study, s i m i l a r  standardized pro- 
cedures t o  m i t i g a t e  the  e f f e c t s  o f  ox idat ions are not  c u r r e n t l y  avai lab le.  

Since ox ida t i on  o f  coal i s  genera l ly  be l ieved t o  i n f l uence  many coal 
proper t ies,  the r e s u l t i n g  l i t e r a t u r e  i s  extensive. The p r i n c i p a l  cause o f  changes 
associated w i t h  the "weathering" o f  coal i s  a t t r i b u t e d  t o  ox idat ion.  From a u t i l i -  
zat ion standpoint, a i r  ox ida t i on  a l t e r s  p roper t i es  o f  t h e  coal which, depending upon 
t h e  p a r t i c u l a r  end-usage o f  t h e  coal, may e i t h e r  be det r imenta l  or advantageous. 
For example, t h e  heat content  o f  coal decreases upon ox ida t i on  r e s u l t i n g  i n  
increased amounts o f  coal being needed i n  any p a r t i c u l a r  appl icat ion.  However, 
ox ida t i on  increases the  heteroatom content o f  t h e  coal r e s u l t i n g  i n  a greater  number 
o f  s i t e s  ava i l ab le  f o r  chemical react ion and c a t a l y s t  binding. Changes t o  the 
swel l ing and f l u i d i t y  p roper t i es  o f  coals are co r re la ted  t o  ox idat ion.  This imp l i es  
t h a t  ox ida t i on  a l t e r s  t h e  fundamental geometrical s t r u c t u r e  o f  t he  coal i n  add i t i on  
t o  the chemical composition and w i l l  l i k e l y  have a secondary e f f e c t  on a l l  coal 
chemical react ions through induced a l t e r a t i o n  o f  mass and thermal t ranspor t  through 
the  "semi-sol i d "  coal. 

I n  order  t o  understand these complex r e a c t i v i t y / s t r u c t u r e  re la t i onsh ips ,  
we have examined both the  chemical and s t r u c t u r a l  changes which occur when a sub- 
bituminous (Rawhide - SBB) and a bituminous ( I l l i n o i s  No. 6 - WC) coal are reacted 
a t  low-temperature ( < 1 5 O o C ) .  In  b r i e f  we f i n d  t h a t  d ry ing  produces chemical a l t e r a -  
t i o n s  which compete w i t h  some o f  the chemical react ions which occur dur ing the 
ox idat ion.  Oxidation consis ts  o f  a t  l e a s t  two separate sets o f  react ions which are 
d i s t i ngu ishab le  by t h e i r  t ime and/or temperature dependencies. Corre la t ions between 
t h e  r e a c t i v i t y  s tud ies and s t r u c t u r a l  s tud ies c a r r i e d  out w i t h  sca t te r i ng  methods 
suggests the  species which reac t  both thermal ly  and o x i d a t i v e l y  res ide  on vo id 
surfaces and are r e a d i l y  access ib le  t o  t h e  environment.(7-9) 

I n  t h i s  paper we review some o f  our evidence support ing the  presence of 
m u l t i p l e  competing thermal and ox ida t i on  react ions.  The co r re la ted  s t r u c t u r a l  
s tud ies a r e  a v a i l a b l e  elsewhere.(8,9) 
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11. Experimental 

Experimental procedures employed are described elsewhere.(4,5,7) As 
prev ious ly  describes, samples employed f o r  FT- i r  s tud ies are t h i n  sections having a 
nominal thickness of 0.4 micro-meters and an area o f  approximately 1 mn2. Ana- 
l y t i c a l  data rep resen ta t i ve  o f  the samples are contained i n  Table l. A two- 
dimensional ma t r i x  o f  these sect ions i s  prepared using s e r i a l l y  cu t  sect ions t o  
ob ta in  the des i red t o t a l  sample area on an appropr ia te substrate. 

111. Resul ts  and Discuss ion 

We have found t h a t  several react ions take place a t  low-temperature when 
dry  coal i s  e i t h e r  heated o r  exposed t o  oxygen. I n  order t o  examine the  ox ida t i on  
chemistry, i t  i s  f i r s t  necessary t o  remove the  e f f e c t s  o f  drying. We the re fo re  
discuss the thermal ly  induced changes p r i o r  t o  deal ing w i t h  the ox idat ion.  

D ry ing  Results i n  decarboxylation/decarbonylation 

The e f f e c t  o f  d ry ing  on th in -sec t i on  samples o f  Rawhide (SBB) and I l l i n o i s  
No. 6 (Hv-C) coals  were examined i n  a se r ies  o f  experiments. The coal t h in -s  c t i o n s  
were dr ied a t  room temperature by subject ing them t o  a moderate vacuum t o r r )  
f o r  a t  l e a s t  12 hours. Observation o f  t h e  hydroxyl s t r e t c h i n g  reg ion i nd i ca tes  t h a t  
t he  physisorbed water i s  removed w i t h i n  the f i r s t  hour. We bel ieve t h a t  such vacuum 
d r y i n g  i s  ab le t o  remove most o f  the water f o r  two reasons: 1) O'Rourke and Mraw 
found t h a t  room-temperature "dry ing"  o f  coal us ing a h i g h l y  des i cca t i ve  environment 
was capable o r  r ov ing greater  t h a t  98% o f  t he  adsorbed water from powdered samples 
o f  s i m i l a r  coalsfirB and 2) we f i n d  tha t  subsequent d ry ing  by heating under vacuum a t  
100°C does not f u r t h e r  reduce t h e  hydroxyl s t r e t c h i n g  reg ion i n tens i t y .  

An example o f  t he  e f f e c t  o f  heat ing such a d r i e d  I l l i n o i s  No 6 coal sample 
f o r  ca 6 hours under vacuum i s  shown i n  Fig. 1. mly t h e  reg ion o f  the i r  spectrum 
i n d i c a t i n g  carbonyl content  ( 0 0  s t r e t c h  and -C-0-H modes) i s  shown. The d i f f e r e n c e  
spectrum c l e a r l y  i n d i c a t e s  l o s s  o f  carbonyl i n t e n s i t y  a t  ca 1707 an-'. This reg ion 
o f  the spectrum does n o t  un iquely  i d e n t i f y  t he  s p e c i f i c  carbonyl species l o s t .  We 
assign the  l oss  t o  hydrogen bonded o r  dimerized a l i p h a t i c  ca rboxy l i c  acids based 
upon several l i n e s  o f  reasoning. These w i l l  be discussed subsequently. 

The observed frequency loss a t  ca 1707 cm-l i s  genera l ly  assigned (9) t o  
t h e  C=O s t r e t c h  i n  dimers o f  a l i p h a t i c  ca rboxy l i c  ac ids i n  which t h e  a l i p h a t i c  chain 
i s  conta ins more than 3 carbons. ( l l )  It can a l so  be assigned t o  a v a r i e t y  o f  ketone 
and aldehyde species. I t  i s  unusual f o r  aromatic carbonyls t o  absorb a t  such a high 
frequency. Th is  f a c t  together  w i t h  surface f u n c t i o n a l i t y  in format ion obtained from 
neutron small-angle s c a t t e r i n g  (8)  makes an assignment t o  aromatic carbonyl func- 
t i o n a l i t y  l ess  p laus ib le .  Despite t h e  p o s s i b l i l i t y  t h a t  the absorption i s  due t o  
non-carboxyl ic a c i d  carbonyl species, t he  weight o f  t he  evidence summarized below i s  
i n  favor o f  t he  ca rboxy l i c  ac id  assignment. A more complete d iscuss ion o f  a l t e rna te  
assignments i s  a v a i l a b l e  e l  sewhere. (6) 

I! spec t ra l  l o s s  i s  ob erved a t  1285 cm-l which i s  observed t o  f o l l o w  the 
same k i n e t i c s  as the  1707 cm-I l oss  feature. Therefore these two absorptions 
probably r e s u l t  from d i f f e r e n t  v i b r a t i o n a l  modes o f  t he  same species. When present 
i n  add i t i on  t o  a carbonyl s t re tch,  t he  1285 cm-l mode i s  d iagnost ic  f o r  carboxy l ic  
a c i d  dimers. We have attempted t o  determine whether t h e  reac t i ve  f u n c t i o n a l i t y  was 
loca ted  on t h e  vo id  surface o r  i ns ide  the  organic ma t r i x  by performing so lvent  
permeation s tud ies and examining the induced s t r u c t u r a l  changes and permeabi l i ty  
r e s t r i c t i o n s  us ing neutron and l i g h t  s c a t t e r i n g  techniques. Neutron sca t te r i ng  
measurements suggest t h a t  a l i p h a t i c  ca rboxy l i c  ac id  species a re  present on t h e  void 
(Pore) surface.(8) I n  view o f  our spectroscopic assignments above, we be l i eve  the  
thermal ly  r e a c t i v e  ca rboxy l i c  ac id  species t o  be l oca ted  a t  t h e  pore surface. 
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Res t r i c ted  m o b i l i t y  o f  both o f  reactant  and product molecules w i t h i n  the  
coal ma t r i x  i s  expected. Indeed, h igher  temperature p y r o l y s i s  o f  coal shows t h a t  
d i f f e r e n t  chemical transformations occur when c a r r i e d  out  under vacuum as compared 
t o  a closed atmosphere.(lZ) This i s  understandable when t h e  ove ra l l  r eac t i on  i s  t h e  
r e s u l t  o f  secondary react ions o f  some i n i t i a l l y  formed reac t i ve  intermediate. We 
inves t i ga ted  t h i s  by ca r ry ing  out the same thermal reac t i on  i n  a closed c e l l  under a 
s t a t i c  he1 ium atmosphere. The o v e r a l l  thermal react ion was unchanged. Only minor 
changes i n  some o f  the r e l a t i v e  i n t e n s i t i e s  o f  t h e  absorpt ion losses were seen. 
This i nd i ca tes  t h a t  mass t ranspor t  l i m i t e d  secondary react ions are no t  important 
under these condi t ions.  Therefore the  thermal reac t i on  i s  e i t h e r  1) b imolecular  
between two t o p o l o g i c a l l y  adjacent po r t i ons  o f  the ma t r i x  o r  2 )  sequential wi th t h e  
f i r s t  step being the  formation o f  a r e a c t i v e  species by a unimolecular decomposition 
fol lowed by reac t i on  with a nearby p o r t i o n  o f  the ma t r i x  surface. The a v a i l a b l e  
data does not un iquely  determine e i t h e r  p o s s i b i l i t y .  

Avai lab le func t i ona l  group ana lys i s  o f  t he  I l l i n o i s  No. 6 coal used fo r  
t he  experiments discussed above ind i ca tes  t h a t  on l y  a r e l a t i v e l y  small amount of 
ca rboxy l i c  ac id  f u n c t i o n a l i t y  (0.5 COOH per  100 carbon atoms) i s  present. We are 
not c u r r e n t l y  ab le t o  quan t i f y  t he  number o f  cdrbonyl groups which we observe s ince 
an e x t i n c t i o n  c o e f f i c i e n t  f o r  these v i b r a t i o n s  i s  no t  ava i l ab le  f o r  species present 
i n  a s i m i l a r  environment. Therefore we were p a r t i c u l a r l y  i n te res ted  i n  observing 
t h e  thermal behavior o f  a lower rank coal conta in ing a l a r g e r  ca rboxy l i c  ac id  
content. Rawhide coal conta in ing ca 3.2 COOH per 100 carbon atoms was used. 

I n  con t ras t  t o  t h a t  observed f o r  t h e  I l l i n o i s  coal, a s i g n i f i c a n t  l oss  o f  
i n t e n s i t y  which could be assigned t o  a l o s s  o f  0 0  species was not  seen. There a re  
several poss ib le  explanations: 1) ca rboxy l i c  ac id  species are unreactive; 2) t h e  
predominant ca rboxy l i c  species a re  n o t  dimers and t h e  ca rboxy l i c  ac id  species which 
do react  form some other  carbonyl con ta in ing  species (e.g., ketones o r  aldehydes); 
o r  3)  t h e  a b s o r p t i v i t y  o f  t he  a f fec ted  carbonyls i s  small. We d iscount  3) s ince 
observed 0 0  s t r e t c h i n g  i n t e n s i t i e s  a re  s t rong i n  l i q u i d ,  polymer and s o l i d  sys- 
tems. I n  order t o  d i s t i n g u i s h  between 1) and Z ) ,  we employed py r id ine  as a spectro- 
scopic t i t r a n t  f o r  a c i d  f u n c t i o n a l i t y .  

Several o f  t he  ring-based carbon v i b r a t i o n s  o f  p y r i d i n e  a re  s e n s i t i v e  t o  
the  existence and s t reng th  o f  any hydrogen-bonds formed with the unpaired e lec t rons  
on the  nitrogen. Such spectroscopic i n fo rma t ion  has been used f o r  i n v e s t i g a t i o n s  o f  
a c i d i c  f u n c t i o n a l i t y  on surfaces.( l3) We show the  dependence o f  some o f  t h e  
pyridine-based v i b r a t i o n s  on thermal treatment i n  Fig. 2. Absorptions a t  1485 and 
1465 cm-l character ize p y r i d i n e  which i s  hydrogen bonded t o  two types o f  s i t e s  which 
d i f f e r  i n  the s t reng th  o f  t h e  hydrogen bond formed. Cnly 0-y type o f  hydrogen 
bonded p y r i d i n e  i s  seen p r i o r  t o  thermal treatment (1485 on ). A f te r  thermal 
treatment two p y r i d i n e  b ind ing  s i t e s  a re  seen. The o r i g i n a l  1485 un-l absorpt ion i s  
narrower fo l l ow ing  thermal treatment. Therefore thermal t eatment has converted 
p a r t  o f  t he  ac id  f u n c t i o n a l i t y  asso i a t e d  w i t h  t h e  1485 an-' v i b r a t i o n  t o  an ac id  
center character ized by the  1465 cm-! absorpt ion and having a greater  hydrogen bond 
s t reng th  than the  o r i g i n a l  species. It i s  genera l ly  be l ieved t h a t  t he  on ly  s i g n i f i -  
cant a c i d i c  f u n c t i o n a l i t y  present i s  phenol ic  and carboxy l ic . ( l )  Yncomi tan t  spec- 
t roscop ic  changes i n d i c a t i n g  phenol ic  reac t i on  (e g., 1600 cm- loss) I s  not  
observed. I n  add i t i on  the frequency l oss  (1485 cm-l) i nd i ca tes  t h a t  t h e  o r i g i n a l  
species bound t o  p y r i d i n e  have s i m i l a r  hydrogen bond strength. Therefore we assign 
the  ac id  group l o s s  t o  ca rboxy l i c  species. Since corresponding l o s s  i n  the  GO 
s t r e t c h i n g  region does no t  occur, we conclude t h a t  a reac t i on  o f  t h e  t ype  

-(C=O)-OH + MATRIX o r  ENTRAINED SPECIES --> -(C=O)- (1) 

occurs. I f the species which reac ts  w i t h  the  ca rboxy l i c  ac id  i s  a p a r t  o f  t he  
" s o l i d "  matr ix ,  a new covalent  " c ross - l i nk "  w i l l  be formed a t  t h e  expense o f  one 
hydrogen-bonded "cross-1 ink" .  
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(bridation o f  t he rma l l y  t r e a t e d  coal  a t  100°C produces new oxygen f u n c t i o n a l i t y  

The e f fec t  of O2 ox ida t i on  o f  I l l i n o i s  No. 6 coal a t  100°C was examined. 
An example of  t he  spectroscopic changes r e s u l t i n g  from 0, ox ida t i on  a t  100°C i s  
shown i n  Fig. 3 f o r  a sample which had been thermal ly  t rea ted  a t  100°C t o  remove t h e  
reac t i ve  ca rboxy l i c  a c i d  species. The dependence o f  t h e  ox ida t i on  changes on p r i o r  
treatment (thermal, c losed c e l l  or  ambient ox ida t i on )  was examined. The p r i n c i p a l  
changes could be a t t r i b u t e d  t o  the  same ox ida t i on  react ions i n d i c a t i n g  t h a t  t he  
100DC ox idat ion i s  reasonably independent o f  sample h i s t o r y .  

The p r i n c i p a l  changes observed are absorpt ion increases which occur i n  
reg ions a t t r i b u t a b l e  t o  oxygen f u n c t i o n a l i t y  on carbonaceous ubstances. I n t e n s i t y  

ketone o r  ca rboxy l i c  ac id  formation. _{he observation t h a t  most o f  t he  i n t e n s i t y  
increase i s  broadly  centered a t  1670 cm suggests t h a t  oxygen add i t i on  t o  aromatic 
y unsaturated carbon residues I n t e n s i t y  increases occur i n  t h e  

a re  suggestive. 

The r e a c t i o n  o f  coal w i t h  02 t o  form thermal ly  unstable hydroperoxide 
in termediates has been f requen t l y  proposed as the  p r i n c i p a l  a i r  and/or 02 ox ida t i on  
react ion.  D e f i n i t i v e  spectroscopic evidence showing hydroperoxides has not  been 
reported. Compelling non-spectroscopic evidence i s  repor ted by deVries, e t  
a1.(14) Our spectroscopic changes are cons is ten t  w i t h  t h e  formation o f  a l l  o f  t he  
expected decomposition products o f  t r a n s i e n t  hydroperoxides w i t h  t h e  exception o f  
alcohols. Hydroperoxide decomposition proceeds by two p a r a l l e l  pathways: one leads 
t o  carbonyl formation wh i l e  the  other  leads t o  alcohol formation. deVries found, 
and our data supports, t h e  conclusion t h a t  t he  a l c o h o l i c  pathway i s  no t  important i n  
coal ox idat ion.  

We do n o t  b e l i e v e  t h a t  s i g n i f i c a n t  numbers o f  ca rboxy l i c  acids are formed 
e i t h e r .  An increase i n  i n t e n s i t y  i n  the OH s t re t ch ing  reg ion associated hydrogen- 
bonding i s  no t  seen. Nor does a c i d  group t i t r a t i o n  us ing p y r i d i n e  i n d i c a t e  a change 
i n  the  number o f  a c i d i c  groups as a r e s u l t  o f  ox idat ion.  The p r i n c i p a l  reac t i on  can 
be summarized as 

increases i n  the  carbonyl s t r e t c h i n g  reg ion (1650 t o  1750 an- f ) i nd i ca tes  aldehyde, 

e the r "  reg ion (1000 t o  1150 cm- 1 which, though no t  d iagnos t i c  f o r  e ther  formation, 
as taken place. 

(COAL)-C=C- + 02 --> (COAL)-(GO)-C- (11) 

where we have i n d i c a t e d  the  reac t i on  having occurred w i t h  unsaturated carbon as 
noted above. 

A new ox ida t i on  r e a c t i o n  i s  found a t  room-temperature 

The e f f e c t  o f  lengthy O2 on I l l i n o i s  No. 6 coal was examined 
spect roscopica l ly .  While some changes were seen, they were o f  low i n t e n s i t y  and 
d i f f i c u l t  t o  resolve. Since the  100°C ox ida t i on  and the  thermal decarboxy lat ion are 
obv ious ly  independent react ions,  we expected the  room-temperature ox ida t i on  t o  have 
no effect on any thermal chemistry. This d i d  not prove t o  be correct .  Lengthy room- 

t i ons .  The room-temperature ox ida t i on  reactions, though not  r e s u l t i n g  i n  any s t r i  k- 
i n g  a b s o r p t i v i t y  changes, have a dramatic r e a c t i v i t y  e f f e c t .  

We propose t h e  ex is tence o f  a h i t h e r t o  unrecognized reac t i on  which i s  
compet i t ive with t h e  thermal decarboxy lat ion react ion.  The reac t i on  i s  summarized 
as : 

temperature ox ida t i on  e l im ina ted  a1 1 evidence o f  t he  thermal decarboxyl a t i o n  reac- \ 
{ 
< 
1 

(Coal)-C=O + 9 ---> (Coal) + $0 + C% + CO (111) 

We have examined the k i n e t i c  behavior o f  t h i s  new ox ida t i on  reac t i on  and f i n d  t h a t  
t h e  reac t i on  i s  r a p i d  by 50 t o  6OOC. (XI t h e  other  hand, t h e  thermal decarboxylat ion 
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reac t i on  i s  n e g l i g i b l e  below 60 t o  70°C. Therefore the re  i s  a temperature "window" 
from approximately 50 t o  8 O o C  i n  which the  react ions w i l l  compete and t h e  o v e r a l l  
spectroscopic and chemical changes are extremely s e n s i t i v e  t o  temperature and atmo- 
sphere. I n  add i t i on  we p r e d i c t  t h a t  any experiment employing a temperature-jump 
encompassing t h i s  temperature "window" w i l l  be heat ing r a t e  dependent. Such a 
temperature-jump i s  r o u t i n e l y  employed i n  coal d ry ing  procedures. A survey o f  the 
1 i t e r a t u r e  examining t h e  low-temperature ox ida t i on  o f  coal reveals  many statements 
t h a t  t h e  coal used must be c a r e f u l l y  predr ied under p r e c i s e l y  def ined cond i t i ons  
(see, f o r  example, deVries, e t  a1.(14) and the  d iscuss ion and references i n  7). We 
take t h i s  t o  be a consequence o f  the need t o  con t ro l  these competing react ions.  The 
s e n s i t i v i t y  t o  t h e  pre-ox idat ion cond i t i ons  suggests t h a t  t h e  r e a c t i v i t y  d i f f e rences  
a r i s i n g  from the thermal and room-temperature ox ida t i on  are s i g n i f i c a n t  even though 
t h e  i .r. spectroscopic changes are r e l a t i v e l y  weak and non-speci f ic .  

Quidation kchan lsm 

Based upon the  above evidence w i t h  a j f d i t i ona l  conf i rmat ion from studies 
not  included herein, we propose the f o l l o w i n g  mechanism" f o r  t he  low-temperature 
o x i d a t i o n  o f  coal. The ox ida t i on  a t  any moderate temperature i s  comprised o f  a 
combination o f  t h e  react ions observed i n  the s ing le-s tep procedures which we have 
discussed and summarized as 1-111. Thermal decomposition r e s u l t s  i n  l o s s  o f  
ca rboxy l i c  ac id  f u n c t i o n a l i t y  ( I ) .  These can be p a r t i a l l y  rep len ished du r ing  oxida- 
t i o n  by the  formation o f  a v a r i e t y  o f  new carbonyl species (11) r e s u l t i n g  from the 
decomposition o f  t r a n s i e n t  hydroperoxide intermediates. The v a r i e t y  o f  carbonyl 
species formed i s  l a r g e r  than l o s t  due t o  the thermal decomposition. I f  the  oxida- 
t i o n  i s  allowed t o  proceed f o r  a long time, the  net  change i n  carboxyl absorbance 
can approach zero. Consequently t h e  ne t  r e s u l t  o f  t h e  thermal ox ida t i on  i s  t o  
convert ca rboxy l i c  ac id  f u n c t i o n a l i t y  i n t o  a more extens ive v a r i e t y  o f  oxygenated 
species. The oxygen-to-carbon r a t i o  w i l l  be l e s s  s e n s i t i v e  t o  these changes than 
might be expected on f i r s t  cons iderat ion s ince carbon may be l o s t  through the  
product ion o f  CO and C02 and the  change o f  carbonyl f u n c t i o n a l i t y  w i l l  depend upon 
both t h e  l eng th  o f  t ime al lowed f o r  reac t i on  and the  heat ing rate.  A second oxida- 
t i o n  reac t i on  (111) occurs a t  a s i g n i f i c a n t  r a t e  s l i g h t l y  above room temperature. 
Over some temperature ranges, t h i s  reac t i on  occurs simultaneously wi th t h e  thermal 
decomposition reac t i on  ( I )  and i s  e i t h e r  compet i t ive o r  invo lves a common i n t e r -  
mediate species. Since the  absorbance changes associated w i t h  I1 are  r e l a t i v e l y  
weak, reac t i on  I w i l l  dominate t h e  i.r. d i f f e r e n c e  spectra when it i s  present. 

S e n s i t i v i t y  t o  water content  

We have observed t h a t  t he  r e l a t i v e  c o n t r i b u t i o n  o f  t he  th ree  i nd i ca ted  
react ions i s  sens i t i ve  t o  water. This has not  been sys temat i ca l l y  explored i n  our 
experiments. S im i la r  dependencies have been reported.(l4,15) devr ies,  e t  a1 .(14) 
p o i n t  out  t h a t  water w i l l  i n f l uence  t h e  hydroperoxide decomposition reactions. 
Marinov f i n d s  evidence f o r  m u l t i p l e  react ions i n  the low-temperature chemistry o f  
coal.( l5) Marinov fu r the r  f i nds  t h a t  water i s  both a product and a reac tan t  i n  the  
low-temperature chemistry o f  coal. Comparion o f  t h e  cond i t i ons  employed by Marinov 
and ourselves i nd i ca tes  t h a t  t h e  two sets  o f  observed react ions may be t h e  same. 
Therefore water i s  l i k e l y  i nvo l ved  i n  two o r  more o f  t he  react ions which we observe 
and w i l l  lead t o  extremely complex time-temperature-water content dependencies. 

The condi t ions which we have employed and those o f  t h e  other  c i t e d  s tud ies 
were c a r r i e d  out i n  the  temperature range and us ing coals  which a re  subject  t o  
"spontaneous" i g n i t i o n .  These complex i t ies associated w i t h  water content w i l l  be 
one o f  several f a c t o r s  which w i l l  con t r i bu te  t o  the  i n i t i a t i o n  o f  such an uncon- 
t r o l l e d  ox idat ion.  We be l i eve  t h a t  our r e s u l t s  a re  suggestive o f  several new 
approaches which might be b e n e f i c i a l  i n  prevent ing "spontaneous" i g n i t i o n  and, more 
genera l ly ,  improving the  s t a b i l i t y  o f  d r y  coal. Hydroperoxide o x i d a t i o n  i s  not 
important u n t i l  r e l a t i v e l y  h igh  temperatures and i s  endothermic i n  model compounds. 
Our i d e n t i f i c a t i o n  o f  two add i t i ona l  react ions which occur a t  much more modest 
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temperatures and a re  compe t i t i ve l y  coupled provides s p e c i f i c  react ion- types which 
might be amenable t o  c o n t r o l .  It i s  l i k e l y  t h a t  i n t e r r u p t i n g  e i t h e r  reac t i on  w i l l  
t o  improved coal s t a b i l i t y  and may even be e f f e c t i v e  i n  reducing o r  e l im ina t i ng  a 
key reac t i on  leading t o  spontaneous i g n i t i o n .  

V. Conclusions 

Analys is  of FT- i r  d i f f e r e n c e  spectra obtained when coal i s  subject  t o  
d i f f e r e n t  ox ida t i on  and thermal condi t ions i nd i ca tes  t h a t  thermal ox ida t i on  cons is t s  
o f  a t  l eas t  t h ree  reac t i ons  a l l  o f  which occur i n  a low-temperature (25 - 100OC) 
ox ida t i on  region. Reaction types (1-111) account f o r  t he  observed data. Two of  t h e  
react ions i nvo l ve  oxygen d i r e c t l y ;  t h e  t h i r d  i s  a thermal decarboxy lat ion o r  
decarbonylat ion r e a c t i o n  which proceeds i n  the absence o f  oxygen. Oxidation a t  
100°C resu l t s  i n  t h e  format ion o f  a v a r i e t y  of oxygenated species. The p r i n c i p a l  
products a re  be l ieved t o  be carbonyl species which r e s u l t  fran t h e  decomposition o f  
thermal ly  unstable hydroperoxides formed by oxygen a d d i t i o n  t o  some species i n  t h e  
coal. In  contrast ,  o x i d a t i o n  a t  25'C r e s u l t s  i n  a net  l oss  o f  absorbance which we 
I n t e r p r e t  as a l oss  o f  carbonyl species. The thermal process r e s u l t s  i n  s i g n i f i c a n t  
1 .r. absorption l o s s  a t  frequencies which are c h a r a c t e r i s t i c  o f  ca rboxy l i c  ac id  
species. Since carbonyl species can e i t h e r  be l o s t  o r  gained depending upon which 
pathway dominates, t he  t ime-temperature p r o f i l e  employed i n  ox ida t i on  s tud ies w i l l  
have a s i g n i f i c a n t  e f f e c t  on the  o v e r a l l  composition o f  t he  ox id i zed  coal. Commonly 
employed coal pre-dry ing procedures p r i o r  t o  ox ida t i on  i s  expected t o  a l t e r  t h e  
composit ion o f  the f i n a l  ox id i zed  coal since such pre-dry ing i s  s i m i l a r  t o  t h e  
thermal step examined i n  t h i s  work. 
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Abstract  

Following e a r l i e r  work, s t u d i e s  have been continued i n  examining t h e  ghysical  
and chemical changes which occur i n  c o a l s  fol lowing low-temperature (( 400 C) 
c a t a l y t i c  hydrogenation. Reactions were conducted with a s e r i e s  of c o a l s  ranging i n  
rank from subbituminous t o  low v o l a t i l e  bituminous and using a d i spe r sed  Mo c a t a l y s t  
i n  t h e  absence of solvent .  With progressive hydrogenation, the  y i e l d  of e x t r a c t a b l e  
l i q u i d s  s u b s t a n t i a l l y  increased f o r  a l l  coa l  samples except the low v o l a t i l e  
bituminous coal. 
Low-temperature hydrogenation was a l s o  found t o  negate  the  adverse e f f e c t s  of a i r  
ox ida t ion  on coal  f l u i d  behavior. 

There were corresponding inc reases  i n  t h e  c o a l  f l u i d  p rope r t i e s .  

Although hydrogenation improved coa l  f l u i d i t y ,  i t  e s s e n t i a l l y  e r a d i c a t e d  any 
swel l ing proper t ies  of the  parent  coal .  Experiments using blends of hydrogenated 
c o a l s  and hydrogenated c o a l  e x t r a c t s  w i th  parent  c o a l s  showed t h a t  d i l a t a t i o n  could 
be g r e a t l y  improved f o r  a bituminous coa l  by the  add i t ion  of hydrogenated bituminous 
coal  ex t rac t .  No o t h e r  blends exh ib i t ed  swe l l ing  propert ies .  I t  i s  suggested t h a t  
the phenomenon of swel l ing is  due t o  a p a r t i c u l a r  chemical i n t e r a c t i o n  between the  
mobile l i q u i d s  (indigenous o r  extraneous)  and t h e  chemical s t r u c t u r e  of t h e  coa l  
macromolecular network. 

In t roduc t ion  

It has  been known f o r  s e v e r a l  decades t h a t  hea t ing  c e r t a i n  c o a l s ,  a t  or near  
t h e i r  so f t en ing  p o i n t ,  may r e s u l t  i n  a s e v e r a l  fo ld  inc rease  i n  the  content  of 
e x t r a c t a b l e  l i q u i d s  (1-8). Furthermore, i t  has  been demonstrated t h a t  t h e  f l u i d  
p rope r t i e s  of the parent  coa ls  c o r r e l a t e  with the  y i e l d  of e x t r a c t a b l e  l i q u i d s  from 
the  hea t  t rea ted  coa ls  (most o f t e n  when chloroform w a s  used a s  t h e  e x t r a c t i n g  
so lvent )  and t h a t  both of these  c h a r a c t e r i s t i c s  passes  through a maximum i n  coa ls  
between 85 t o  88% carbon content  (5,6.9,10).  

The e f f e c t  of t h e  low molecular weight, hydrogen-rich, chloroform-soluble 
ma te r i a l  on t h e  p l a s t i c  behavior of coa l  has been explained by t h e  hypothesis  t h a t  
the development of p l a s t i c i t y  i s  a t r a n s i e n t ,  i n - s i t u ,  hydrogen-donor process  (11).  
These l i g h t e r  molecular weight substances not only play an e s s e n t i a l  r o l e  i n  
p l a s t i c i t y  development, but a l s o  a r e  i n f l u e n t i a l  i n  c o a l  l i q u e f a c t i o n  (12.13).  

A decrease i n  t h e  y ie ld  of e x t r a c t s  (14) and a s i g n i f i c a n t  decrease i n  p l a s t i c  
p rope r t i e s  (14,15) can be e f f e c t e d  by mild oxidation. 
suggested t h a t  the inco rpora t ion  of r e a c t i v e  oxygen groups ( a s  phenol ic ,  a c i d i c ,  or 
k e t o l i c  oxygen) may a c t  a8  the  agen t s  r e spons ib l e  f o r  the  formation of 
cross- l inkages during the  hea t ing  of t h e  coa l ,  l ead ing  t o  an o v e r a l l  reduct ion i n  
the i n t e r n a l  mob i l i t y  of the  coa l  molecules. Conversely, hydrogenation of oxidized 
or h igh  oxygen content  coa ls  can r e s u l t  i n  t h e  development of p l a s t i c  p r o p e r t i e s  
(17-19). 

Ignasiak e t  a l .  (16)  have 

I n  e a r l i e r  reported r e sea rch  (13.20).  which waa d i r e c t e d  towards d e r i v i n g  c o a l  
s t r u c t u r a l  information through l o r s e v e r i t y  c a t a l y t i c  coal  l i q u e f a c t i o n  i n  the 



absence of s o l v e n t ,  it was found t h a t ,  a s  the y i e l d  of e x t r a c t a b l e  l i q u i d s  
inc reased ,  t h e  coa ls  became p rogres s ive ly  more f l u i d .  Fu r the r  i n v e s t i g a t i o n s  have 
s i n c e  been made of t h e  r e l a t i o n s h i p  between t h e  c a t a l y t i c a l l y  generated l i q u i d s  and 
c o a l  f l u i d  p r o p e r t i e s  for a series of coa ls  of d i f f e r e n t  rank. The f ind ings  a r e  
presented i n  t h i s  paper. 

Experimental 

1) Coal P r o p e r t i e s  and P repa ra t ion  

The coa ls  s tud ied  were obtained from the Pennsylvania S t a t e  Coal Sample Bank 
and were se l ec t ed  t o  cover  a range of rank from subbituminous t o  low v o l a t i l e  
bituminous; each con ta in ing  ove r  80% v i t r i n i t e .  P r o p e r t i e s  of t h e  c o a l s  a r e  shown 
i n  Table 1. 

The coa ls  were ground t o  -20 mesh under cond i t ions  t o  minimize ox ida t ion  and 
were subsequently s t o r e d  under n i t rogen  and used without drying. 
hydrogenation experiments, t h e  coa ls  were impregnated wi th  1% u t  (dmmf) Mo by 
s l u r r y i n g  with an aqueous s o l u t i o n  of ammonium tetrathiomolybdate .  Af t e r  s lur ry ing ,  
t h e  excess  water  was removed by drying under vacuum below 100°C. 

For c a t a l y t i c  

A h igh f l u i d i t y  c o a l  (PSOC-1296) was chosen f o r  s t u d i e s  t o  examine t h e  e f f e c t s  
The coal  was oxidized under mild cond i t ions  by of oxidat ion on p l a s t i c  proper t ies .  

passing a i r  through a bed of t h e  f i n e l y  ground coal  (-40 mesh) a t  50°C f o r  four  
days. 

2) C a t a l y t i c  Hydrogenation 

Hydrogenation r e a c t i o n s  were conducted i n  tubing bomb r e a c t o r s  under an i n i t i a l  
(co ld)  hydrogen p res su re  of 7 MPa and a t  temperatures between 250 and 4OO0C f o r  
t imes of 5 t o  60 min. 
measurement and gas  chromatographic ana lys i s .  

The y i e l d s  of l i g h t  gases  were determined by volumetric 

I n  some cases .  t h e  r eac t ed  coa ls  were e x t r a c t e d  i n  chloroform, using a Soxhlet 
apparatus ,  t o  ob ta in  a p a r t i t i o n  i n t o  so luble  e x t r a c t  and residue.  More d e t a i l e d  
desc r ip t ions  of t h e  experimental  procedures have been reported (13,20,21). 

3) Analy t i ca l  

The f l u i d  p r o p e r t i e s  of coa ls .  hydrogenated coa ls  and blends of c o a l s  with coal  
e x t r a c t s  were s tud ied  using a n  automated Giese l e r  plastometer ,  fol lowing the  ASTM 
standard procedure (22) and a pressure microdilatometer. The l a t t e r  was operated 
a t  a heat ing r a t e  of 20 C min-' from ambient under 0.1 MPa of ni t rogen.  

Resul ts  and Discussion 

d 

The y i e l d s  of g a s e s  and chloroform-soluble e x t r a c t  obtained upon c a t a l y t i c  
hydrogenation of. the  c o a l s  f o r  60 min a t  350 and 4OO0C a r e  given i n  Table 2. 
Reaction a t  350°C caused a s i g n i f i c a n t  i nc rease  i n  t h e  y i e l d s  of c h l o r o f o m s o l u b l e  
e x t r a c t  over t h a t  obtained from the parent  c o a l ,  the  g r e a t e s t  response being 
obtained with the  subbituminous coa l ,  PSOC-1403. T h i s  obse rva t ion  i s  cons is ten t  
w i th  reported d a t a  showing t h a t ,  under these  r e a c t i o n  condi t ions ,  low-rank coa ls  
were more r e a c t i v e  than  bituminous coa ls  (13). A t  4OO0C, high e x t r a c t  y i e l d s  were 
obtained with a l l  of t h e  c o a l s  except the low v o l a t i l e  bituminous coa l ,  PSOC-1325. 
It is supposed t h a t  t h e  s t r u c t u r e  of a c o a l  a t  t h i s  s t a g e  of metamorphism contains  
such h igh  p ropor t ion  of s t r o n g  covalent  bonds t h a t  i t  i s  d i f f i c u l t  t o  break down 
i n t o  lower molecular weight spec ies ,  even i n  t h e  presence of an a c t i v e  c a t a l y s t .  
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Mild oxida t ive  treatment of t h e  hvA bituminous coa l ,  PSOC-1296, reduced the 
y i e l d  of e x t r a c t a b l e  l i q u i d s ,  a commonly observed phenomenon. However, t h e  
subsequent c a t a l y t i c  hydrogenation of t h i s  coal  appeared t o  have more than 
counteracted t h e  e f f e c t s  of oxidation. 

The r e s u l t s  of G i e s e l e r  plastometer measurements on c a t a l y t i c a l l y  hydrogenated 
and unextracted c o a l s  a r e  shown i n  F igures  I ( a )  - (c) .  The e f f e c t  of r e a c t i o n  t i m e  
on t h e  f l u i d i t y  of an  hvA c o a l  can be seen i n  Figure l ( a ) .  
t i m e  a t  4OO0C, which corresponds t o  a progress ive  i n c r e a s e  i n  t h e  conten t  of 
e x t r a c t a b l e  l i q u i d s ,  t h e  c o a l  sof ten ing  temperature was lowered and t h e  maximum 
f l u i d i t y  was increased. For t i n e s  longer  than  15 min, t h e  maximum f l u i d i t y  exceeded 
t h e  measurable range of t h e  instrument.  
introduced f l u i d  behavior t o  subbituminous c o a l s  which, i n  t h e i r  paren t  s t a t e ,  
produced no response i n  t h e  G i e s e l e r  plastometer,  Figure I(b) .  

With i n c r e a s i n g  r e a c t i o n  

S i m i l a r l y ,  r e a c t i o n  for 60 min a t  4OO0C 

I n  p a r a l l e l  wi th  t h e  measured e f f e c t s  of ox ida t ion  of t h e  hvA bituminous coal  
i n  lowering the  y i e l d  of chloroform-extractable l i q u i d s ,  t h e  f l u i d  p r o p e r t i e s  were 
a l s o  suppressed, Figure l ( c ) .  C a t a l y t i c  hydrogenation of t h e  oxidized coa l  was 
ins t rumenta l  i n  increas ing  t h e  f l u i d i t y  above t h a t  of the  o r i g i n a l  coal .  

The development of f l u i d i t y  i n  these  c o a l s ,  a s  measured by the  G i e s e l e r  
plastometer,  is not  t o  be confused wi th  t h e  swel l ing  behavior shown by coking coals .  
Examination of the  t r e a t e d  c o a l s  i n  the  microdilatometer showed t h a t ,  c o n s i s t e n t  
wi th  t h e  G i e s e l e r  measurements, t h e  c o a l  s o f t e n i n g  temperature had been reduced. 
However, a l l  of t h e  samples underwent a volume c o n t r a c t i o n  with i n c r e a s i n g  
temperature,  even those which had exhib i ted  a n e t  volume expansion or d i l a t a t i o n  
p r i o r  t o  treatment.  These r e s u l t s  were i n t e r p r e t e d  t o  mean t h a t  the  c a t a l y t i c  
hydrogenation had increased  t h e  c o a l  f l u i d i t y  t o  such an ex ten t  t h a t ,  i n  t h e  melted 
s t a t e ,  t h e  v i s c o s i t y  was so reduced t h a t  v o l a t i l e  pyro lys i s  products could f r e e l y  
escape without causing t h e  c o a l  t o  swel l .  
t h a t ,  upon becoming f l u i d ,  t h e  d e n s i t y  of t h e  coa l  sample had increased. 

I n  e f f e c t ,  t h e  volume c o n t r a c t i o n  meant 

A number of experiments were then  conducted, us ing  a bituminous and a 
subbituminous c o a l  (PSOC-1266 and PSOC-1403, respec t ive ly)  t o  determine whether 
blending t h e  hydrogenated products wi th  unt rea ted  c o a l s  could inf luence  swel l ing  
behavior. 
t h e  concent ra t ion  of t h e  former was increased up t o  50% u t  d i d  n o t  apprec iab ly  
inf luence  t h e  swel l ing  behavior of e i t h e r  c o a l ,  al though, f o r  t h e  bituminous coa l ,  
t h e r e  was a s teady  reduct ion  i n  s o f t e n i n g  temperature wi th  increas ing  concent ra t ion  
of the  t r e a t e d  coal .  

Mixtures of unextracted hydrogenated c o a l s  wi th  t h e  parent  c o a l ,  i n  which 

Blending t h e  e x t r a c t  from the  hydrogenated bituminous c o a l  w i t h  t h e  parent  coal  
had a dramatic e f f e c t  upon swel l ing  p r o p e r t i e s ,  Table 3. This  e f f e c t  was not  found 
with any o t h e r  combination of the  parent  bituminous or subbituminous c o a l  wi th  
e i t h e r  e x t r a c t  from the  hydrogenated coa ls ,  a l though blending d i d  reduce the  i n i t i a l  
sof ten ing  temperature and increase  t h e  volume cont rac t ion  i n  each case. 

It i s  assumed t h a t  t h e  e x t r a c t s  from t h e  hydrogenated c o a l s  and i n  p a r t i c u l a r  
t h e  bituminous c o a l  w i l l  conta in  a reasonable propor t ion  of hydroaromatic 
s t ruc tures .  The presence of H-donor compounds is thought t o  enhance t h e  p l a s t i c  
behavior of c o a l s  (11). 
swel l ing  is a t t r i b u t a b l e  t o  a p a r t i c u l a r  combination of (poss ib ly)  H-donor 
p r o p e r t i e s  of t h e  mobile l i q u i d s  w i t h i n  c o a l s  (and added l i q u i d s  such a s  t h e  e x t r a c t  
from the  hydrogenated bituminous c o a l )  t o g e t h e r  w i t h  t h e  s t r u c t u r a l  conf igura t ion  of 
t h e  c o a l  macromolecular network. 

The r e s u l t s  presented here  suggest t h a t  t h e  phenomenon of 
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TABLE 3 

DILATOMETRIC PARAMETERS FOR MIXTURES OF BITUMINOUS COAL (PSOC 1266)  
WITH THE CHLOROFORM-SOLUBLE EXTRACT OF THE HYDROGENATED COAL 

wt% hydrogenated extract in 
mixture 

0 5 10 

Softening temperature, "C 4 35 410 395 

Temperature of maximum 
contraction, OC 

Temperature of maximum 
expansion, ,OC 

477 460 450 

500 487 480 

500 Resolidification temperature, OC --- --- 
% maximum volume* contraction 21 24 21 

x maximum volume* expansion (net) 23 52 129 

% volume expansion* on 
resolidification (net) 

* 
measured relative to original coal volume 

117 

20 

367 

435 

485 

495 

26 

349 

349 



Fluidity Change with Progressive 
Catalytic Hydrogenation (4000C) 

. .  

230 290 350 410 470 
Temperature OC 

la) 
Coal: PSOC-1266, hvA 

Fluidity of Subbituminous Coals Catalytically Hydrogenated 
at 400% (Parent coals have no fluidity.) 

+ 

I 

1 
220 280 340 400 460 

Temperature OC 
(b) 

Eflects of Mild Oxidation and Subsequent Catalytic 
Hydrogenation on Coal Fluidity 

1 
250 312 375 437 500 

Temperature OC 
Coal: PSOC-1296, hVA 

(C) 

Figure 1.GIESELER PLASTOMETRY MEASUREMENTS OF HYDROGENATED 
AND PARENT COALS 

118 

\ 
! 



DISTRIBUTION OF IMPREGNATED METAL H A L I D E  CATALYSTS I N  COAL GRAINS 

Dav id  M. B o d i l y  and J y i - P e r n g  Wann 

Depar tmen t  o f  F u e l s  E n g i n e e r i n g ,  U n i v e r s i t y  o f  U tah  
S a l t  L a k e  C i t y ,  U tah  84124 

INTRODUCTION 

M e t a l  h a l i d e s  s u c h  a s  s t a n n o u s  c h l o r i d e  and z i n c  c h l o r i d e  a r e  
known t o  be e f f e c t i v e  c o a l  h y d r o g e n o l y s i s  c a t a l y s t s  (1-3) .  W e l l e r  e t  
a l .  ( 1 )  examined a number of  p o t e n t i a l  c a t a l y s t s  and f o u n d  z i n c  and  t i n  
c h l o r i d e s  t o  b e  among t h e  b e s t .  A l t h o u g h  s t a n n o u s  c h l o r i d e  i s  g e n e r a l -  
l y  r e c o g n i z e d  t o  be more a c t i v e  t h a n  z i n c  c h l o r i d e ,  z i n c  c h l o r i d e  h a s  
been c h o s e n  a s  t h e  c a t a l y s t  i n  a number of c o a l  l i q u e f a c t i o n  s y s t e m s .  
T h e s e  i n c l u d e  p r o c e s s e s  d e v e l o p e d  i n  J a p a n  (41 ,  mol ten  s a l t  r e a c t o r s  
(2,3) and s h o r t  r e s i d e n c e  time r e a c t o r s  ( 5 - 7 ) .  

The m e t a l  h a l i d e s  a p p e a r  t o  be a c t i v e  i n  c l e a v i n g  b r i d g e s  between 
g r o u p s  o f  condensed  a r o m a t i c  r i n g s  ( u n i t  s t r u c t u r e s )  u n d e r  l i q u e f a c t i o n  
c o n d i t i o n s .  T h i s  r e s u l t s  i n  a p r o g r e s s i v e  d e p o l y m e r i z a t i o n  o f  t h e  
c o a l ,  u l t i m a t e l y  t o  i s o l a t e d  u n i t  s t r u c t u r e s ,  w i t h  l i t t l e  r e a c t i o n  o f  
t h e  c o n d e n s e d  r i n g  s y s t e m s  t h e m s e l v e s  (8 -10) .  T h i s  r e s u l t s  is less  
hydrogen  consumpt ion  and a s o l u b l e  p r o d u c t  t h a t  can be f u r t h e r  u p g r a d -  
ed .  W e l l e r  e t  a l .  ( 1 )  s u g g e s t e d  t h a t  a m e t a l  s u l f i d e  was f o r m e d ,  which 
was t h e  a c t i v e  c a t a l y t i c  s p e c i e s .  Z i e l k e  e t  a l .  ( 2 )  p r o p o s e d  a complex 
o f  z i n c  c h l o r i d e  and w a t e r  t o  f o r m  a F r i e d e l - C r a f t s  t y p e  a c i d ,  f o r  t h e  
c a s e  o f  z i n c  c h l o r i d e  c a t a l y z e d  l i q u e f a c t i o n .  B e l l  a n d  c o w o r k e r s  
(11 -14)  s t u d i e d  t h e  c l e a v a g e  i n  model compounds w i t h  e t h e r  a n d  c a r b o n -  
c a r b o n  b o n d s ,  s p e c i e s  t h a t  a r e  t h o u g h t  t o  fo rm b r i d g e s  b e t w e e n  u n i t  
s t r u c t u r e s  i n  c o a l .  T h e y  p r o p o s e d  a s i m i l a r  a c t i v e  s p e c i e s .  T h i s  
c o n c l u s i o n  was s u p p o r t e d  by a s t u d y  o f  B e i s h l i n e  e t  a l .  ( 1 5 ) .  T h e  
h y d r o g e n o l y s i s  r e a c t i o n  b e g i n s  a t  t h e  s u r f a c e  o f  c o a l  g r a i n s  a n d  
p r o c e e d s  t o w a r d s  t h e  c e n t e r  ( 1 6 , 1 7 ) .  As t h e  b r i d g e s  a r e  b r o k e n ,  t h e  
c o a l  s o f t e n s  and  r e a c t s .  The m e t a l  h a l i d e s  l o w e r  t h e  t e m p e r a t u r e  a t  
wh ich  t h e  c o a l  s o f t e n s  ( 1 8 )  a n d  a l s o  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  
e x o t h e r m i c  c o a l  h y d r o g e n a t i o n  r e a c t i o n  o c c u r s  ( 1 9 ) .  

C o n t a c t i n g  o f  t h e  m e t a l  h a l i d e  w i t h  t h e  b r i d g i n g  s t r u c t u r e s  i s  
r e q u i r e d  f o r  t h e  l i q u e f a c t i o n  r e a c t i o n  t o  p r o c e e d .  A t  t h e  t e m p e r a t u r e s  
o f  l i q u e f a c t i o n  p r o c e s s e s ,  t h e  c o a l  s o f t e n s  a n d  b o t h  t h e r m a l  a n d  
c a t a l y t i c  bond c l e a v a g e  o c c u r s .  The  r e a c t i o n s  a r e  r a p i d ,  b u t  may l e a d  
t o  r e t r o g r e s s i v e  r e a c t i o n s  i f  s o u r c e s  o f  h y d r o g e n  a r e  i n s u f f i c i e n t  
o r  t h e  c a t a l y s t  is n o t  p r e s e n t  ( 2 0 , 2 1 1 .  The semi -coke  fo rmed  by t h e  
r e t r o g r e s s i v e  r e a c t i o n s  is  l e s s  r e a c t i v e  t o  l i q u e f a c t i o n  I n d  i n c r e a s e s  
t h e  r e a c t i o n  time and  s e v e r i t y  o f  c o n d i t i o n s  r e q u i r e d  f o r  h i g h  c o n v e r -  
s i o n s .  P a r t i a l  l i q u e f a c t i o n  u n d e r  hydrogen  d e f i c i e n t  c o n d i t i o n s  may 
i n d u c e  s u f f i c i e n t  f l u i d i t y  f o r  m e s o p h a s e  t o  f o r m .  R e c e n t l y ,  t h e  
l i q u e f a c t i o n  o f  c o a l  a t  m i l d  c o n d i t i o n s ,  b e l o w  t h e  n o r m a l  s o f t e n i n g  
t e m p e r a t u r e ,  h a s  b e e n  s t u d i e d  ( 2 2 ) .  T h e  p r o c e s s  i n v o l v e s  two 
s t e p s :  h y d r o t r e a t i n g  o f  m e t a l  h a l i d e  i m p r e g n a t e d  c o a l  and b a s e  c a t a l y z -  
ed d e p o l y m e r i z a t i o n  o f  t h e  p r o d u c t s .  The t e m p e r a t u r e  of  t h e  p r o c e s s  is 
k e p t  below 275OC. Under  t h e s e  c o n d i t i o n s ,  t h e  f l u i d i t y  of t h e  s y s t e m  
is low and  it is i m p o r t a n t  t o  h a v e  good  c o n t a c t  b e t w e e n  t h e  m e t a l  
h a l i d e  c a t a l y s t  and t h e  b r i d g e s  t h a t  a r e  t o  be c l e a v e d .  The c a t a l y t i c  
r e a c t i o n s  must  o c c u r  and t h e  t h e r m a l  r e a c t i o n s  m u s t  be s u p p r e s s e d .  I t  
is  t h e r e f o r e  i m p o r t a n t  t h a t  a good d i s p e r s i o n  o f  t h e  c a t a l y s t  t h r o u g h -  
o u t  t h e  c o a l  g r a i n s  b e  a c h i e v e d . .  The e f f e c t  o f  i m p r e g n a t i o n  method on 
t h e  d i s p e r s i o n  o f  t h e  c a t a l y s t  is t h e  s u b j e c t  o f  t h i s  r e p o r t .  
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E X  PER1 M E N  TAL 

Four c o a l  s a m p l e s  w e r e  s t u d i e d  i n  t h e s e  e x p e r i m e n t s .  The u l t i m a t e  
a n a l y s i s  of  t h e  c o a l s  is shown i n  t a b l e  1 .  T h e  p r e p a r a t i o n  of  t h e  
s a m p l e s  f o r  a n a l y s i s  is shown s c h e m a t i c a l l y  i n  f i g u r e  1 .  The  c o a l s  
w e r e  g r o u n d  t o  - 6 0 / + 1 0 0  mesh a n d  e x t r a c t e d  w i t h  THF i n  a S o x h l e t  
e x t r a c t o r .  Some samples u s e d  f o r  X-ray a n a l y s i s  w e r e  d e m i n e r a l i z e d  by 
H C 1  and  HF. W a t e r ,  a c e t o n e  and  m e t h a n o l  w e r e  u s e d  a s  s o l v e n t s  f o r  
i m p r e g n a t i o n  o f  t h e  m e t a l  h a l i d e s .  R e a g e n t  g r a d e  ZnC12,  F e C 1 3 ,  
N i C 1 2 . 6 H 2 0 ,  SnC12.2H20 and  SnC14.5H20 were  i m p r e g n a t e d  on t h e  c o a l s .  
The s o l v e n t ,  m e t a l  h a l i d e  and  c o a l  w e r e  mixed i n  t h e  d e s i r e d  amounts .  
T h e  m i x t u r e  w a s  s t i r r e d  a n d  a g i t a t e d  i n  a n  u l t r a s o n i c  b a t h  f o r  two 
h o u r s .  The c o a l / m e t a l  h a l i d e  m i x t u r e  w a s  t h e n  d r i e d  t o  r e m o v e  t h e  
s o l v e n t .  

G r a i n  mounts  w e r e  p r e p a r e d  w i t h  epoxy m o u n t i n g  medium, ground and  
p o l i s h e d  t o  e x p o s e  c r o s s  s e c t i o n s  of  t h e  c o a l  g r a i n s .  A H i t a c h i  (model  
S-500)  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  was u s e d  t o  e x a m i n e  t h e  s a m p l e s .  
T h e  e l e c t r o n  e n e r g y  was 2 0 , 0 0 0  K e V .  A Kevex e n e r g y - d i s p e r s i v e  s p e c t r o -  
m e t e r  was u s e d  t o  map f l u o r e s c e n t  X-rays f r o m  t h e  m e t a l  a toms and t h e  
c h l o r i n e .  X-ray d i f f r a c t i o n  was  u s e d  t o  m e a s u r e  c h a n g e s  i n  t h e  s p a c i n g  
o f  c l u s t e r s  o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s .  The a s s i g n m e n t  o f  X-ray 
d i f f r a c t i o n  p e a k s  was by c o m p a r i s o n  w i t h  t h e  d i f f r a c t i o n  p a t t e r n  o f  
g r a p h i t e .  

RESULTS A N D  DISCUSSION 

P o l i s h e d  g r a i n  mounts  of t h e  m e t a l  h a l i d e - i m p r e g n a t e d  c o a l  s a m p l e s  
were examined  w i t h  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  G r i n d i n g  a n d  
p o l i s h i n g  o f  t h e  g r a i n  m o u n t s  e x p o s e s  a c r o s s  s e c t i o n  o f  t h e  c o a l  
g r a i n s .  F l u o r e s c e n t  X-rays ,  e m i t t e d  f r o m  t h e  s u r f a c e  o f  t h e  m o u n t ,  
w e r e  m e a s u r e d  w i t h  t h e  e n e r g y  d i s p e r s i v e  d e t e c t o r  a s  t h e  s a m p l e  was 
s c a n n e d .  A nar row band o f  X-rays ,  c o r r e s p o n d i n g  t o  a s p e c i f i c  a t o m ,  
w e r e  r e c o r d e d  on p h o t o g r a p h i c  f i l m  a s  t h e  s a m p l e  was s c a n n e d .  The 
d i s t r i b u t i o n  o f  t h e  g i v e n  a tom i n  t h e  c o a l  g r a i n  w a s  t h u s  o b t a i n e d .  
T h e  m e t a l  a tom a n d  c h l o r i n e  a tom d i s t r i b u t i o n s  f o r  v a r i o u s  i m p r e g n a t i o n  
c o n d i t i o n s  w e r e  d e t e r m i n e d .  I f  t h e  m e t a l  h a l i d e  i s  u n i f o r m l y  d i s t r i -  
b u t e d  t h r o u g h o u t  t h e  c o a l  g r a i n ,  t h e  p h o t o g r a p h  w i l l  show a u n i f o r m  
e x p o s u r e  t h r o u g h o u t  t h e  c r o s s  s e c t i o n  of t h e  c o a l  g r a i n .  I f  t h e  m e t a l  
h a l i d e  i s  p o o r l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  c o a l  g r a i n ,  t h e  p h o t o g r a p h  
w i l l  show e x p o s u r e  a t  t h e  e d g e  of t h e  c r o s s  s e c t i o n  a n d  a l o n g  c r a c k s ,  
b u t  n o t  i n  t h e  c e n t e r  of t h e  g r a i n s .  Some b a c k g r o u n d  e x p o s u r e  w i l l  b e  
seen i n  a r e a s  w h e r e  t h e  e p o x y  m o u n t i n g  medium i s  e x p o s e d  a t  t h e  
s u r f a c e .  E l e c t r o n  m i c r o g r a p h s  o f  t h e  c o a l  g r a i n s  w e r e  a l s o  o b t a i n e d .  
T h e  X - r a y s  K o s t l y  o r i g i n a t e  n e a r  t h e  s u r f a c e ,  s i n c e  t h e  d e p t h  o f  
p e n e t r a t i o n  o f  t h e  e l e c t r o n s  is n o t  g r e a t .  

T h e  d i s t r i b u t i o n  o f  t h e  m e t a l  h a l i d e s  w i t h i n  c o a l  g r a i n s  i s  
q u a l i t a t i v e l y  snown i n  f i g u r e  2 .  The  i n t e r p r e t a t i o n  is s u b j e c t i v e  and 
i s  b a s e d  on o b s e r v a t i o n  o f  s e v e r a l  g r a i n s  f o r  e a c h  s a m p l e .  Good 
d i s p e r s i o n  o f  t h e  m e t a l  h a l i d e s  is a c h i e v e d  w i t h  o r g a n i c  s o l v e n t s .  
B o t h  m e t h a n o l  a n d  a c e t o n e  a r e  e f f e c t i v e  i n  d i s p e r s i n g  t h e  m e t a l  h a l i d e s  
a n d  u n d e r  t h e  c o n d i t i o n s  o f  t h e s e  e x p e r i m e n t s ,  it is  i m p o s s i b l e  t o  
d e t e r m i n e  i f  o n e  is b e t t e r  t h a n  t h e  o t h e r .  B o t h  of  t h e s e  s o l v e n t s  a r e  
known t o  swell c o a l s :  S t a n n o u s  c h l o r i d e  i s  t h e  most  e a s i l y  d i s p e r s e d  
of t h e  m e t a l  h a l i d e s  t e s t e d .  N i c k e l  a n d  i r o n  c h l o r i d e s  a r e  more  
d i f f i c u l t  t o  d i s p e r s e  f r o m  a q u e o u s  s o l u t i o n .  The  effectiveness o f  
d i s p e r s i o n  of  t h e  m e t a l  h a l i d e s  v a r i e s  w i t h  t h e  c o a l  s a m p l e s ,  b u t  d o e s  
n o t  f o l l o w  r a n k .  
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B e a l l  (23,24) h a s  r e p o r t e d  t h e  p o s s i b l e  f o r m a t i o n  o f  i n t e r c a l a t i o n  
compounds o f  c o a l  w i t h  t h e  c h l o r i d e s  of  i r o n ,  chromium, and  c o p p e r  a t  
t e m p e r a t u r e s  from 215% t o  150OC. The f o r m a t i o n  o f  i n t e r c a l a t e s  h a s  
b e e n  s u g g e s t e d  a s  a p o s s i b l e  m e c h a n i s m  i n  t h e  c a t a l y s i s  of c o a l  
h y d r o g e n o l y s i s  by m e t a l  h a l i d e s .  The p o s s i b l e  f o r m a t i o n  of i n t e r c a -  
l a t e s  was i n v e s t i g a t e d  by X-ray d i f f r a c t i o n  o f  t h e  i m p r e g n a t e d  s a m p -  
l e s .  F o r m a t i o n  o f  a n  i n t e r c a l a t i o n  c o m p l e x  w o u l d  b e  e x p e c t e d  t o  
s h i f t  t h e  002 d i f f r a c t i o n  p e a k ,  c o r r e s p o n d i n g  t o  a l a r g e r  i n t e r p l a n a r  
s p a c i n g  i n  t h e  c l u s t e r s  o f  c o n d e n s e d - r i n g  a r o m a t i c  g r o u p s .  D e m i n e r a l -  
i z e d  s a m p l e s  were s t u d i e d  t o  remove t h e  i n t e r f e r e n c e  f r o m  d i f f r a c t i o n  
p e a k s  d u e  t o  m i n e r a l  m a t t e r .  I m p r e g n a t i o n  o f  m e t a l  h a l i d e s  d e c r e a s e d  
t h e  i n t e n s i t y  of 0 0 2  d i f f r a c t i o n  p e a k s  d u e  t o  s c a t t e r i n g  o f  X-rays  by 
t h e  m e t a l  a t o m s ,  b u t  t h e  p e a k s  w e r e  n o t  s h i f t e d .  A l t h o u g h  t h e  f o r m a -  
t i o n  o f  i n t e r c a l a t e s  c a n n o t  be r u l e d  o u t  by t h e s e  e x p e r i m e n t s ,  t h e r e  
i s  no  e v i d e n c e  t o  s u p p o r t  i n t e r c a l a t e  f o r m a t i o n .  

A c e t o n e  a n d  m e t h a n o l  s w e l l  c o a l s  a n d  a r e  a l s o  e f f e c t i v e  i n  
i m p r e g n a t i n g  m e t a l  h a l i d e s  t h r o u g h o u t  t h e  c o a l  s t ructure .  E x a m i n a t i o n  
o f  s w o l l e n  c o a l s ,  f r o m  w h i c h  t h e  s o l v e n t  h a s  been  r e m o v e d ,  by X - r a y  
d i f f r a c t i o n  show no c h a n g e s  i n  t h e  002 d i f f r a c t i o n  p e a k .  T h e  s o l v e n t  
i s  a p p a r e n t l y  i m b i b e d  by t h e  amorphous r e g i o n s  s u r r o u n d i n g  t h e  c l u s t e r s  
o f  c o n d e n s e d - r i n g  a r o m a t i c  u n i t s ,  b u t  d o e s  n o t  d i s r u p t  t h e  c lu s t e r s .  
The m e t a l  h a l i d e s  a p p e a r  t o  be d e p o s i t e d  i n  t h e s e  amorphous r e g i o n s  a s  
t h e  s o l v e n t  i s  e v a p o r a t e d .  W a t e r  d o e s  n o t  swel l  c o a l ,  b u t  i t  i s  
a d s o r b e d  on c o a l  s u r f a c e s  w i t h i n  p o r e s .  I m p r e g n a t i o n  f rom a q u e o u s  
s o l u t i o n  i s  n o t  a s  e f f e c t i v e  a s  f r o m  o r g a n i c  s o l u t i o n  a n d  d e p e n d s  
s t r o n g l y  on t h e  c o a l  and  t h e  m e t a l  h a l i d e  p r o p e r t i e s .  I m p r e g n a t i o n  o f  
s t a n n o u s  c h l o r i d e  f r o m  a q u e o u s  s o l u t i o n  a t  room t e m p e r a t u r e  c a n  be  
q u i t e  e f f e c t i v e  i n  a c h i e v i n g  h i g h  d i s p e r s i o n  a t  t h e  m i c r o s c o p i c  l e v e l ,  
which  i s  t h e  l i m i t  of r e s o l u t i o n  of t h e s e  t e c h n i q u e s .  The  d i s p e r s i o n  
a t  t h e  m o l e c u l a r  l e v e l  f o r  i m p r e g n a t i o n  from e i t h e r  a q u e o u s  or o r g a n i c  
s o l u t i o n s  c a n n o t  be m e a s u r e d  by t h e s e  p r o c e d u r e s .  

CONCLUSIONS 

I m p r e g n a t i o n  o f  m e t a l  h a l i d e s  t h r o u g h o u t  c o a l  s t r u c t u r e s  is  more 
e f f e c t i v e  f rom o r g a n i c  s o l u t i o n s  t h a n  f r o m  a q u e o u s  s o l u t i o n s .  H i g h  
d i s p e r s i o n  o f  t h e  m e t a l  h a l i d e  i s  a t t r i b u t e d  t o  t h e  a b i l i t y  o f  t h e  
s o l v e n t  t o  p e n e t r a t e  t h e  c o a l  s t r u c t u r e  and  c a u s e  s w e l l i n g .  A minimum 
s o l u b i l i t y  o f  t h e  m e t a l  h a l i d e  i n  t h e  s o l v e n t  i s  a l s o  r e q u i r e d .  No 
e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  i n t e r c a l a t i o n  compounds be tween t h e  m e t a l  
h a l i d e s  a n d  c o n d e n s e d - r i n g  a r o m a t i c  s t r u c t u r e s  i n  t h e  c o a l  h a s  been  
f o u n d .  

G o o d  d i s p e r s i o n  o f  p o t e n t i a l  c o a l  h y d r o g e n o l y s i s  c a t a l y s t s  
t h r o u g h o u t  t h e  c o a l  is e x p e c t e d  t o  be  i m p o r t a n t  i n  l o w - s e v e r i t y  c o a l  
l i q u e f a c t i o n  p r o c e s s e s .  L i q u e f a c t i o n  may be e x p e c t e d  t o  b e  a c h i e v e d  
below t h e  n o r m a l  s o f t e n i n g  t e m p e r a t u r e  o f  t h e  c o a l .  Good d i s p e r s i o n  
may a l s o  p r e v e n t  t h e  f o r m a t i o n  o f  l e s s - r e a c t i v e  s e m i c o k e  d u r i n g  
l i q u e f a c t i o n  a t  h i g h e r  t e m p e r a t u r e s .  Under  c o n d i t i o n s  of good c a t a l y s t  
d i s p e r s i o n  a n d  h y d r o g e n  a c c e s s i b i l i t y ,  d e p o l y m e r i z a t i o n  of c o a l  t o  
s o l u b l e  p r o d u c t s  may be  e x p e c t e d  t o  o c c u r  r a p i d l y .  
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T a b l e  1. U l t i m a t e  A n a l y s i s  of  Coal S a m p l e s  

Wyodak B u r n i n g  S t a r  E l k  h o r  n Coal B a s i n  

C a r b o n ,  % 76 .0  
Hydrogen ,  % 5 .4  
N i t r o g e n ,  % 1.4 
S u l f u r ,  % 0 .6  
Oxygen ,  % ( d i f )  16.6 

78 .9  
5.4 
1.2 
4.4 

10.1 

85.4 
5.1 
1.8 
0.7 
7.0 

90.3 
5.4 
2 .2  
0.7 
1.4 
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Figure 1. Flowchart for SEM Mount Preparation 

CATALYST APPLIED TO COAL PARTICLES 
WATER SOLVENT 0 ORGANIC SOLVENT 

Figure 2. Catalyst Dispersion 
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A PSEUDOKINETIC STUDY OF COAL LIQUEFACTION 

D.H. Finseth, B.C. Bockrath, 
E.G. Illig, and B.M. Thames 
U.S. Department of Energy 

Pittsburgh Energy Technology Center 
P.O. Box 10940 

Pittsburgh, PA 15236 

All approaches to the study of the chemistry of coal liquefaction are 
handicapped to one degree or another by the inability to accurately measure 
the detailed structure of the primary reagent of interest -- coal. Recent 
work at PETC has focused on utilizing quantitative 13C NMR together with 
elemental balances to obtain an improved picture of the molecular level 
chemistry of hydrogen in realistic conversion environments. The method 
divides total hydrogen incorporated into the organic products into that con- 
sumed in hydrogenation, heteroatom removal, and hydrogenolysis. The details 
of this approach have recently been discussed [l]. To date, the approach 
has proven useful in describing the influence of reaction temperature [1,2] 
and catalyst [3] on the utilization of hydrogen. This work describes 
efforts to determine the relative rates of hydrogen-consuming reactions -- 
hydrogenolysis, hydrogenation, and heteroatom removal. 

ExDer imental 

All reactions were done on a shaking microautoclave system, which has 
the capacity to simultaneously immerse five 40 milliliter microreactors into 
a preheated fluidized-bed sandbath. This system has a heat-up time of 
approximately 5 minutes. Prior to reaction the microreactors were charged 
with 4 g of Illinois No. 6 hvC (River King) bituminous coal and 7 g of a 
heavy coal-derived distillate (2400C-45O0C cut from the SRC-I1 Process), and 
pressurized to 1200 psig with hydrogen at ambient temperature. This loading 
procedure results in a hydrogen pressure of approximately 2000 psig at 
reaction temperature. Catalytic runs were accomplished by loading the coal 
with 0.006 g of either molybdenum (as ammonium heptamolybdate) or tin (as 
SnClc). Reactions were run at 0-, 5-, lo-, 20-, 30-, and 60-minute reaction 
times (time at 38OOC). 

Following reaction the headspace gas was quantitatively collected and 
analyzed by gas chromatography. The total reaction product was removed to a 
Soxhlet thimble and separated via CHzClz extraction into soluble and 
insoluble fractions. Both product fractions were analyzed for elemental 
composition via microanalytical procedures by Huffman Laboratories. 

Both "C and 'H high-resolution NMR spectra were obtained in CDzClt on 
the soluble fractions using a Varian XL-100 spectrometer. The "C NMR 

Reference in this report to any specific commercial product, process, or 
service is to facilitate understanding and does not necessarily imply its 
endorsement or favoring by the United States Department of Energy. 
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spectra of the feed coal and the CHZC12 insolubles were obtained via crossed 
polarization magic angle spinning, CP/MAS, techniques using a Brucker CXP- 
100 instrument. 

Results and Discussion 

The hydrogen utilization profiling method involves measurement of the 
"C NMR aromaticity change during reaction as a direct quantitative measure 
of the degree of hydrogenation of the feed slurry. The total hydrogen 
incorporation is obtained from the elemental analysis, and the amount 
incorporated in heteroatom removal is estimated from the change in organic 
heteroatom content. In these low-temperature reactions (3800C), negligible 
amounts of light hydrocarbon gases were produced. Thus any hydrogenolysis 
observed must involve cleavage of slurry matrix bonds to yield smaller solid 
and liquid fragments. It must be remembered that because there is no means 
of counting bonds, the amount of hydrogen incorporated via hydrogenolysis 
must be obtained by difference: 

Total hydrogen - (hydrogenation + heteroatom removal) = hydrogenolysis. 

The data in final form are simply the number of hydrogens, per 100 carbons 
of feed slurry, that are incorporated into organic products via hydro- 
genation, heteroatom removal, and hydrogenolysis (bond cleavage) reactions. 

The results of this study of hydrogen utilization are presented in 
Figure 1. Figure la shows the total net hydrogen incorporation into organic 
products as a function of time for uncatalyzed and tin- and molybdenum- 
catalyzed reactions. The catalyzed systems appear to incorporate hydrogen 
more rapidly than the uncatalyzed reactions (note 20- and 30-minute reaction 
times), but at the longest reaction time (60 minutes), there is no dif- 
ference between the total net hydrogen incorporation in catalyzed and 
uncatalyzed reactions. For the catalyzed reactions the results suggest that 
product hydrogen content actually decreases from 30 to 60 minutes, whereas 
in the noncatalyzed reaction, hydrogen is still being incorporated during 
this time period. This may indicate that retrogressive reactions are 
important at longer reaction times in the catalyzed reactions. Analysis of 
headspace gas composition after reaction indicates that this decrease in 
hydrogen content is not due to hydrogen starvation. The behavior shown in 
Figure 1 at short reaction times, 510 minutes, is seemingly erratic. How- 
ever, it does suggest that in general the chemistry is different, either in 
rate or ,in the nature of the reactions, from that observed at longer 
reaction times. 

The data in Figure lb indicate that there is essentially no dependence 
of heteroatom removal on either catalyst addition or reaction time under 
these conditions. 

The amount of hydrogen incorporated into products via hydrogenation 
reactions is measured directly by measuring the change in aromaticity during 
reaction. The data obtained for incorporation of hydrogen by hydrogenation 
ape presented in Figure IC. It first must be stressed that optimistic error 
limits on measurement of the change in aromaticity, Afa, are 2: 0.02.  This 
error translates directly into an error of 2: 2 hydrogens per 100 carbons. 

125 



3 

With this caution, the data in Figure IC indicate no significant change in 
degree of hydrogenation with reaction time. However, it is intriguing to 
note that all three sets of data -- molybdenum-catalyzed, tin-catalyzed, and 
uncatalyzed -- show evidence of hydrogenation at 10-minute reaction times 
and show a drop in the degree of hydrogenation between 10 and 20 minutes. 
Both catalytic runs also exhibit slightly higher levels of hydrogenation 
than the noncatalyzed reaction from 20 minutes to 60 minutes of reaction. 
These small differences are within the limits of error of the method. 

The most difficult (and error-prone) mode of hydrogen utilization to 
measure is the hydrogen incorporated into the system via hydrogenolysis or 
bond cleavage chemistry. This mode of utilization is determined by dif- 
ference and incorporates the sum of the errors of the other analyses (total 
hydrogen, heteroatom removal, and hydrogenation). With this qualification, 
the data that describe hydrogen incorporation in bond cleavage chemistry are 
very interesting (see Figure Id). They indicate that for the first 10 
minutes of reaction, there is progressively more net bond formation (con- 
densation). This is followed by a period, 10-30 minutes, during which bond 
cleavage predominates. Both catalytic systems appear to reach their peak in 
hydrogenolysis consumption at 30 minutes under these conditions. This 
maximum is followed by a slight decrease in net hydrogenolysis on going to 
60-minute reaction times. The data in Figure Id suggest the existence of a 
sequential mechanism for conversion under these conditions. At short reac- 
tion times, the apparent internal hydrogen redistribution is based on con- 
densation (bond-making) chemistry, while at longer reaction times, bond 
cleavage (hydrogenolysis) chemistry appears to predominate. 

The hydrogen utilization profile data in Figure 1 can be contrasted 
with the conversion data shown in Figure 2. The conversion data were 
obtained on samples generated under conditions identical to those used for 
generation of Figure 1 .  Neither of these solubility-based conversion plots 
seem consistent with the hydrogen utilization data, particularly at short 
reaction times. The solubility data do not indicate any substantial effect 
of added catalyst and show no apparent qualitative differences between short 
reaction times and long reaction times. In particular, the time dependence 
of conversion based on solubility in the two solvents appears to be sub- 
stantially different. The THF solubility shows an abrupt change at short 
reaction time, while cyclohexane solubility is essentially a linear function 
of reaction time. This lack of correspondence between solubility-based con- 
version values and hydrogen utilization profiles is probably an indication 
that the two techniques are measuring different properties of the lique- 
faction system. It seems likely that solubility, especially in strong 
solvent systems, might be sensitive to physical changes in the system that 
are not probed by the chemical methods used in hydrogen utilization profil- 
ing. I t  is possible that the hydrogen utiiization profiie approach may 
prove to be more useful in investigations of the detailed chemical mechanism 
of liquefaction. 

Conclusions 

The hydrogen utilization profiles as a function of reaction time indi- 
cate that two different time regimes of reactivity may exist under these 
mild reaction conditions. At short reaction time the data suggest that 
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hydrogenation and condensation reactions are operative with minimal net 
hydrogen incorporation. (The possibility exists that the hydrogen generated 
in condensation during this time period is being shuttled into more reactive 
regions of the slurry via hydrogenation). After this initial period of 
hydrogen redistribution, the major chemistry appears to be bond breaking 
(hydrogenolysis) that results in significant net hydrogen incorporation into 
the slurry. This description is consistent with a set of two sequential 
reactions being responsible for liquefaction under these conditions. The 
data in this study clearly indicate that both tin and molybdenum accelerate 
the incorporation of hydrogen into the reacting slurry and imply that the 
major net effect of the catalysts is to make hydrogen more readily available 
for hydrogenolysis reactions. 
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An Electron Spin Resonance Investigation of Free Radicals 
i n  Lignite Formed Using Programed Temperatures, H2S, CO and H2 
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INTRODUCTION 
The conversion of low-rank coal t o  l iquid products has  t rad i t iona l ly  been 

performed i n  organic donor solvents a t  constant reactor temperatures. In one 
view of coal l iquefaction, the thermolysis of weak bonds in the coal s t ruc ture  
i s  followed by H t r ans fe r  t o  the coal-derived radicals by hydrogenation atom 
donor molecules, reactions 1. and 2. To minimize adduction and  allow organic 

1 - coal-coal + 2R' 

2 - 2R' + 2H-Donor + 2RH + 2'Donor 

materials to  en ter  the product stream, we have recently developed a new donor 
solvent, H20-H2S w i t h  CO and H 2 ,  as a subs t i tu te  fo r  the organic slurrying 
solvent (1.2) and reducing gases. For ZAP l i gn i t e ,  vo la t i l e  product conversion 
f o r  the reaction performed i n  H20-H2S-H2-CO a t  420°C i s  42.8%; and, f o r  
H20-H2-CO, i t  is 37.4% (1). Our  current research in to  the chemistry of 
l iquefaction has yielded considerable progress using the l inear  temperature 
programmed reactions, 300-500°C. The conversion to  vo la t i l e  products us ing  by 
H20-H2S-H2-CO is equal 59.3% (3). 

A number of investigators have applied ESR to  examine radicals formed 
during pyrolysis of coal (4-11). Since the method of electron resonance is a 
very sensit ive,  we have chosen t h i s  technique t o  investigate mutual 
interactions of coal-derived radicals w i t h  reducing gases. 

EXPERIMENTAL 
About 30-50 mg 

of l i gn i t e  sample was inserted i n  a 2 mm i.d. Pyrex tube together with 20-30 mg 
of glass wool. The samples were dried i n  vacuum 1 Torr a t  5OoC fo r  3 hrs. The 
liquefaction was performed under reducing gases using the l inear  programed 
temperature range of 30U-5OO0C over the period of 1 hr i n  the batch autoclaves. 

The ZAP l i gn i t e  (Table 1) was ground t o  less  than 37 urn. 
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When t h e  temperature 500°C was reached, the  reactors  were vented t o  remove o i l  
and gas, cooled down i n  water (20'C) and next  i n  i c e . .  The samples were 

immediately sealed under argon, and the  ESR measurements were c a r r i e d  out  
w i t h i n  10-15 min a t  room temperature. According t o  Pe t rak i s  (E), upon cool ing 

t o  room temperature, sp in  concentrat ions i n  coal are, i n  general,  t h e  same as 
a t  t h e  h igh  temperature. The s p i n  concentrat ions and g values were determined 
by t h e  sample in terchange method. DPPH was employed as t h e  standard. Spin 

concentrat ions were ca l cu la ted  on f i n a l  and i n i t i a l  amounts o f  l i g n i t e .  The 
sp in  concentrat ion ( S C )  data was employed t o  c a l c u l a t e  t h e  conversion t o  

d i s t i l l a t e  products by us ing  the equation 3. The ca l cu la ted  conversion (SC) 

SC(f ina1) - SC( in i t i a1 )  
3 - % conversion (SC) = x 100% 

W f i n a l )  

has been c o r r e l a t e d  w i t h  s i m i l a r  conversion values i n t o  v o l a t i l e  products 
independently determined by employing the  t r a d i t i o n a l  techniques (1). 

A l l  ESR spect ra were recorded us ing  a Brucker ER-420 spectrometer. 
Dup l i ca te  samples were prepared f o r  a l l  d i f f e r e n t  sets  o f  l i q u e f a c t i o n  
cond i t i ons  t o  check r e p r o d u c i b i l i t y .  

RESULTS AND DISCUSSION 

(a )  The e f f e c t  o f  H,S on s t a b i l i z a t i o n  o f  coal -der ived r a d i c a l s  
The t y p i c a l  ESR spectrum o f  a ZAP l i g n i t e  sample i s  a s i n g l e  symmetric 

s igna l  w i thou t  hyper f i ne  s t r u c t u r e  (F igure 1). This s ignal  i s  d i s t i ngu ishab le  

by i t ' s  g-value, l i n e w i d t h  and sp ins g-'. For unreacted coal, they are 2.0021, 
8.3 G and 1.8 x lo1' sp ins g- , and f o r  pyro lyzed coal l i n e a r  programmed over 
30O-50O0C fo r  1 hr ,  t he  values a r e  2.0011, 6.8 G and 20.2 f 1.9 x 10'' g spins 
g , respect ive ly .  Decreases i n  ESR g value i s  known t o  be a consequence o f  
t he  evo lu t i on  of heteroatom-containing gases such as C02 and H20 which are 

formed dur ing t h e  pyro lyses (13). The decrease i n  l i n e w i d t h  o f  t he  sample can 
be a t t r i b u t e d  t o  the  dehydrogenation react ions known t o  be occurr ing 

concurrently. 

1 

-1 

A rep resen ta t i ve  spectrum of ZAP l i g n i t e  which has been reacted w i t h  H2S 
i s  reproduced i n  F igure 2. Th i s  spectrum consis ts  o f  two symmetric signals: 
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one i s  p o s i t i v e  (+) and one i s  negat ive (-). The p o s i t i v e  s igna l  can be 

a t t r i b u t e d  t o  coal -der ived and some organo-sulfur rad i ca l s .  I t  i s  c lose t o  

Lorentz ian i n  shape. The observed negat ive curve has a Gaussian shape, and it 

represents r a d i c a l s  assoc iated a v a r i e t y  o f ,  organo-sul fur  bonds. The 
ex is tence o f  t h e  nega t i ve  s igna l  suggests an a l t e r e d  magnetic environment o f  

these unpai red e lec t rons .  

More recent  measurements o f  t he  33S hyperf ine s t r u c t u r e  have revealed 
three b a s i c  forms o f  s u l f i d e  rad i ca l s :  RCH2S', RCH2SS' and (RCH2SSCH2)- (14). 
The g tensor ,  which has proven t o  be w ide ly  app l i cab le  f o r  i d e n t i f i c a t i o n  of 
su l fur -centered r a d i c a l s ,  does no t  prov ide a c r i t i c a l  d i s t i n c t i o n  between the 

monosulf ide and d i s u l f i d e  forms o f  these rad ica ls .  There seems t o  be agreement 

(15) t h a t  t h e  d i s u l f i d e  r a d i c a l  anion forms from RS' by reac t i on  4. The 

unpaired e l e c t r o n  i s  weakly bounded t o  t h e  S:S a3p* ant ibonding molecular 

o r b i t a l  s ince  i t  conta ins a major 3p+3p element. The d i s u l f i d e  r a d i c a l  anions 
can be protonated (16) t o  g i ve  I. 

RC? i 
sws 

\ 
CH2R 

I 

Th is  molecule s t i l l  has t h e  unpaired e l e c t r o n  i n  t h e  S'S u ~ ~ *  o r b i t a l .  The S-S 
bond w i l l  probably be weaker than t h a t  o f  t he  anio'n. 

I n  t h i s  system, one can expect t h e  d i f f us ion  o f  H2S inward i n  t h e  coal 
p a r t i c l e  du r ing  t h e  heating. This may cause product ion severa l  k inds  o f  

organo-sulfur bonds which can vary with d i f f e r e n t  concentrat ion o f  H2S. It i s  
reasonable t o  assume t h a t  charged organo-d isu l f ide r a d i c a l s  can be a lso f o r m d  
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i n  t h e  i n t e r i o r  o f  c o a l ' s  g r a i n  and be d i s t r i b u t e d  as paramagnetic impur i t i es  
p a r t l y  s t a b i l i z e d  by environment. 

By computer ana lys i s  o f  the spectra, i t  was poss ib le  t o  separate 
experimental ESR curve i n t o  two component spectra. The p o s i t i v e  one belongs 
p r i m a r i l y  t o  coal -der ived r a d i c a l s  ( p o s i t i v e )  and t h e  o the r  t o  organo-disulfur 
rad ica ls .  

The r e l a t i o n s h i p  o f  sp in  concentrat ions per  gram t o  the  pressure o f  H2S i s  
shown i n  F igure 3. The l i n e s  assigned as I and I1 were determined by the  
d i v i s i o n  o f  t he  sp in  concentrat ion values by t h e  amount of charged l i g n i t e  and 

recovered s o l i d  m a t e r i a l  from the  reac to r ,  respect ive ly .  There i s  a 
s i g n i f i c a n t  r i s e  o f  sp in  densi ty  w i t h  increas ing concentrat ions of 'H2S. The 

d i f f e rences  i n  sp in  concentrat ions between t h e  two p l o t s  I and I 1  represents 

the amount o f  coal -der ived r a d i c a l s  which have been converted t o  o i l  and gas. 
The l i n e  described as theo re t i ca l  has been ca l cu la ted  from t h e  computer 
separated s ignals ,  and represents the t o t a l  number of rad i ca l s .  

The v a r i a t i o n  of g-value w i t h  pressure o f  H2S i s  presented i n  Figure 4. 
The g values increase s i g n i f i c a n t l y  w i t h  H2S pressure. It i s  r e l a t e d  t o  the 
amount o f  heteroatoms incorporated (23). Thiophenol i c  forms l i k e  phenolic 
forms a re  e f f e c t i v e  a t  causing g - s h i f t s  (11). 

F igure 5 shows t h e  v a r i a t i o n  o f  t he  ESR l i n e  w id th  ( A H  ) as a func t i on  o f  
H2S pressure. Overa l l  the p r i n c i p a l  c o n t r i b u t o r  t o  t h e  p o s i t i v e  s ignal  i s  
coal-derived rad i ca l s ,   AH^^ r 5 G and f o r  s igna l  ( - )  some k ind  o f  
organo-disulfur compounds AH > 15 G. The r e s u l t s  i n d i c a t e  t h a t  hydrogen 
content i n  t h e  coal  r a d i c a l s  i s  unchanged w i t h  pressure o f  H2S. For 
organo-disulfur compounds, t h e  l i new id ths  f a l l  w i t h i n  the  range 14.1-16.6 G 

w i t h  increas ing o f  H2S pressure. Th is  suggests t h a t  o t h e r  e f f e c t s  may a l so  
i n f l uence  on t h e  ESR l i n e w i d t h  such as e lect ron-proton i n t e r a c t i o n s  (13). 

PP 

PP 

It i s  wor thwhi le  t o  note t h a t  negat ive ESR s igna l  disappears when 
p rev ious l y  s u l f u r i z e d  ZAP l i g n i t e  i s  exposed t o  H2 o r  CO atmospheres a t  500°C. 
The g-values and l i n e w i d t h s  concomitantly decrease t o  2.0016 and 5.8 G, 
respect ive ly .  
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(b) E f f e c t  of H,S and H, (CO) on hydrogenation o f  coal-derived rad ica ls .  
I n  H2S-H2 o r  H2S-CO atmospheres s i g n i f i c a n t  dif ferqnces occur i n  ESR 

spectra o f  ZAP l i g n i t e  programed 300-5OO0C (F igure 6). The l i n e  shape va r ies  

and i s  cha rac te r i zed  by t h e  disappearance o f  t he  negat ive signal (Figure 2 )  and 

t h e  appearance o f  a narrow peak wi th a s h o r t  w id th  o f  l i n e  ~r 1 G. The spin 

concentrat ion i n  H2S-CO atmosphere i s  lower  than i n  H2S-H2 (Figure 7). 
Therefore, CO decreases t h e  p r o b a b i l i t y  o f  t h e  carbon s u l f u r  bonds formation. 

L 

The g va lues o f  t h e  ZAP l i g n i t e  i n  H2S-CO a l s o  changes upon the 

i n t r o d u c t i o n  o f  H2 p a r t i c u l a r l y  a t  lower pressures o f  H2S (Figure 8). I n  the 

h ighe r  f r a c t i o n a l  pressure o f  CO (= 0.7) i n  t h e  m ix tu re  o f  H2S + CO there 

appears, f i r s t  o f  a l l ,  t o  be CO i n t e r a c t i o n  wi th coal rad ica ls .  This i s  mostly 
pronounced i n  r e a c t i o n  CO alone w i t h  coal r a d i c a l s  (Table I ) ,  g = 2.0026 and 

suggest s t r o n g  s p i n - o r b i t  coupling, probably w i t h  phenoxy groups o r  those of 
t h e  semiquinone type. 

( c )  E f f e c t  o f  wa te r  on f r e e  rad i ca l s  format ion and l i g n i t e  conversion. 
The r e s u l t s  o f  the ESR measurements w i t h  water and reactant  gases (CO. 

H2S, H2) are  l i s t e d  i n  Table 1. I n  a l l  experiments w i t h  H20, t he  rad i ca l  

concentrat ions o f  ZAP l i g n i t e  i s  low consider ing the  very l a rge  numbers o f  
rad i ca l s  known t o  be formed du r ing  p y r o l y s i s  ( Z  20.2 x lo1’ 9- l ) .  The 

determined convers ion t o  v o l a t i l e  products i s  va r ied  w i t h  d i f f e r e n t  pressure o f  

CO. The maximum convers ion was achieved most ly  i n  CO = 70 MPa + n2S = 17.5 

MPa. Th is  suggests t h a t  many o f  formed r a d i c a l s  were consumed by hydrogen 
t rans fe r  f rom s h i f t  react ion,  H20 + CO, s h i f t  r eac t i on  promoted by H2S 
throughout COS i n te rmed ia te  compounds and as o i l  ex t rac ted  by s u p e r c r i t i c a l  
water o r  p a r t l y  evaporated t o  reac to r  were removed du r ing  v e n t i l a t i o n  process. 

The very narrow l i n e w i d t h  was noted f o r  reac t i ons  performed w i t h  H20 and 
reactant  gases. Using t h e  r e l a t i o n  between ESR spect ra l  l i new id th  and hydrogen 
content  o f  coals  developed by Retcofsky (29), AH = 1.6 H - 1.8 where H i s  

weight  pe rcen t  hydrogen, we can conclude t h a t  t h e  hydrogen content i n  the 
n o n v o l a t i l e  res idue  i s  decreased. 

PP 
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SUMMARY 
To increase t h e  l i q u i d  y i e l d s  o f  coal l i que fac t i on ,  ESR spect ra o f  

unconverted coal residues a re  r e l a t e d  t o  reac to r  cond i t i ons  and conversion i n t o  

v o l a t i l e  products. ESR spectra were obtained f o r  Nor th Dakota Zap l i g n i t e  
t rea ted  w i t h  var ious reducing gas atmospheres us ing a 1 inear-programed reac to r  

temperature range o f  300-500°C. The l i n e  shape, sp in  density, l i n e w i d t h  and 
g-values were a l l  found t o  vary w i t h  t h e  nature o f  t h e  reducing gases employed. 

The sp in  dens i t y  o f  t h e  coal samples increased w i t h  increas ing concentrat ions 
of H2S i n  the reactor .  P a r t i a l l y  superimposed p o s i t i v e  and negat ive s igna ls  

were recorded when t h e  coal was reacted w i t h  H2S alone. When H2S i s  used i n  
conjunct ion w i t h  e i t h e r  H2 o r  CO, o n l y  two p o s i t i v e  s igna ls  were observed i n  
the  ESR spectra and t h e  sp in  d e n s i t i e s  were reduced. The sp in  dens i t y  o f  t h e  
reacted coal  was minimum when t h e  reac t i on  mixture contained H2@. The s p i n  

densi ty  o f  the samples were i n v e r s e l y  r e l a t e d  t o  t h e  percent conversion i n t o  
v o l a t i l e  products. 
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STRUCTURAL FEATURES OF PRODUCTS DERIVED FROM WATER-ASSISTED 
LIQUEFACTION OF BITUMINOUS COALS 

John A.  Ruether ,  Richard G. Lett,  and Joseph A .  M i m a  

P i t t s b u r g h  Energy Technology Center 
P.O. Box 10940 

P i t t s b u r g h ,  PA 15236 

INTRODUCTION 

I n  r ecen t  y e a r s ,  s e v e r a l  r e sea rch  teams i n t e r e s t e d  i n  ob ta in ing  l i q u i d  
f u e l s  from coa l  have i n v e s t i g a t e d  approaches t h a t  involve  adding s u b s t a n t i a l  
amounts o f  water with t h e  coa l  during p rocess ing .  Although t h e  approaches 
taken by t h e  d i f f e r e n t  groups vary cons ide rab ly ,  a l l  groups c i te  t h e  low 
c o s t  of water -- as a r e a c t a n t ,  e x t r a c t a n t ,  o r  t r a n s p o r t  medium -- t o  be a 
p o t e n t i a l  advantage  for aqueous l i q u e f a c t i o n  compared t o  more convent iona l  
processes .  For some processes ,  t he  vapor p r e s s u r e  of water a t  r e a c t i o n  tem- 
p e r a t u r e  makes a very  cons ide rab le  c o n t r i b u t i o n  t o  t h e  t o t a l  p re s su re  
r equ i r ed  i n  t h e  r e a c t i o n  s e c t i o n .  Fu r the r  r e s e a r c h  w i l l  show i f  the neces- 
s i t y  of h igh  p r e s s u r e  i n  aqueous systems can be avoided o r  i f  advantages i n  
terms of  product  q u a l i t y  and y i e l d s  r e a l i z e d  through use o f  water w i l l  com- 
pensa te  f o r  h ighe r  p r e s s u r e  requi rements .  

Work a t  our  l a b o r a t o r y  has  i n v e s t i g a t e d  t h e  i n t e r p l a y  o f  o rgan ic  sol-  
v e n t ,  water, and wa te r - so lub le  c a t a l y s t s  on convers ion  of c o a l  to  s o l u b l e  
products  i n  t h e  p re sence  o f  hydrogen gas  [ 1 , 2 , 3 ] .  A t  cons t an t  hydrogen 
p a r t i a l  p re s su re  and t empera tu re ,  convBrsion i n c r e a s e s  both w i t h  an inc rease  
i n  water d e n s i t y  and a n  i n c r e a s e  i n  water - to-coa l  r a t i o  i n  the r e a c t o r .  The 
mechanism by which water a i d s  convers ion  is n o t  known, bu t  some experiments 
wi th  deuterium ox ide  i n d i c a t e d  t h a t  hydrogen-oxygen bonds i n  water were no t  
being broken. In  t h e  presence  o f  water, e s p e c i a l l y  when a water -so luble  
molybdenum c a t a l y s t  is also p resen t ,  t h e  f u l l  b e n e f i t  o f  having an  o rgan ic  
s o l v e n t  present is achieved  a t  so lvent - to-coa l  r a t i o s  as low as 0.25. I n  
a d d i t i o n ,  o r g a n i c  s o l v e n t ,  water, and c a t a l y s t  are complementary i n  promot- 
ing conversion,  and h igh  convers ions  can be ob ta ined  by va r ious  combinations 
o f  these t h r e e  a i d s  t o  hydro l ique fac t ion  r e a c t i o n s .  

These f i n d i n g s  have l e d  u s  to  con t inue  t o  conduct r e a c t i o n s  wi th  
va r ious  combinations o f  coa l - to-so lvent  and coal-to-water r a t i o s ,  o f  tem- 
p e r a t u r e ,  and of hydrogen p a r t i a l  p re s su re .  Our aim is t o  i d e n t i f y  advanta- 
geous r e a c t i o n  c o n d i t i o n s  t h a t  may be used i n  a cont inuous  p rocess  t h a t  
employs a lower so lven t - to -coa l  r a t i o  for t h e  f eed  stream than  is used i n  
c u r r e n t  donor s o l v e n t  p rocesses .  T h i s  work examines t h e  s t r u c t u r a l  f e a t u r e s  
o f  c o a l  l i q u i d s  produced iinder a v a r i e t y  o f  unconventional r e a c t i o n  con- 

Reference i n  t h i s  r e p o r t  
s e r v i c e  is to  fac i l i t a te  
endorsement or f a v o r i n g  by 

t o  any s p e c i f i c  commercial product ,  process ,  o r  
understanding and does  not  n e c e s s a r i l y  imply its 
t h e  United S t a t e s  Department o f  Energy. 
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ditions. For reaction at low 
solvent-to-coal ratios and high water partial pressure, do liquid products 
resemble those from conventional donor solvent processes, or take on some 
characteristics of pyrolysis products? Is there evidence of incorporation 
of oxygen from water in the products? What is the effect of reaction tem- 
perature on product characteristics? To examine these questions, reactions 
were carried out with two Illinois No. 6 bituminous coals, and the liquid 
products were extensively analyzed. 

Some questions of interest are the following: 

EXPERIMENTAL 

Hydroliquefaction Reactions 

Batchwise liquefactions of two Illinois No. 6 bituminous coals were 
carried out using varying values of organic vehicle-to-coal and water-to- 
coal in the charge. All reactions were carried out with use of a water- 
soluble catalyst, ammonium heptamolybdate, in the concentration range 
0.08-0.27 wt$ molybdenum on dry coal. Gaseous hydrogen was employed in all 
runs. Ultimate analyses of the two coals, Burning Star and River King, are 
shown in Table 1. Two different hydrogen-donor solvents were also employed 
in this work. A composite Lunnnus solvent was derived from the 2SCT series 
of experiments (LCF-9 runs) with Burning Star coal on the Lummus Integrated 
Two-Stage Liquefaction (ITSL) Process Development Unit. A second solvent, 
designated HWSRC, was resid from the hydrotreater at the Wilsonville 
Advanced Coal Liquefaction Facility, produced during Run 242 with Burning 
Star coal. 

Table 1. Elemental and Ash Analyses (wt%) of Illinois No. 6 Coals. 

Burning Star River King 
mf maf mf maf 

~ ~~ ~ ~~ ~ 

H 4.74 5.47 4.65 5.27 
C 67.5 77.9 65.2 73.9 

N o.ae 1 .o 0.96 1.1 
S 3.0 3.5 3 . 7  4.2 
Ash 10.6 -- 13.8 -- 

0 -- (12.l)diff. -- (15.5)diff. 

Reactions were carried out in a stirred one-liter autoclave. Reaction 
conditions employed are shown in Table 2. Coal, organic solvent, water, and 
catalyst were charged batchwise. Hydrogen was charged cold to the reactor 
at the desired total reaction pressure. As the reactor temperature rose 
during the heat-up period, hydrogen gas was vented via a back pressure con- 
trol valve to maintain the total pressure. During the course of the 
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reaction, t h e  p a r t i a l  p r e s s u r e  of hydrogen decreased  and t h a t  of o t h e r  com- 
ponents  i n c r e a s e d .  The to ta l  p r e s s u r e  and the hydrogen p a r t i a l  p r e s s u r e  a t  
reaction tempera ture  a t  the end of each run  are shown i n  Table 2 .  In  one 
run  (H-14), t h e  r e a c t i o n  was c a r r i e d  o u t  under 1900 p s i g  p a r t i a l  p r e s s u r e  of 
n i t rogen .  Reaction times were 30 o r  60 minutes  and were measured from t h e  
time t h e  d e s i r e d  o p e r a t i n g  tempera ture  was e s t a b l i s h e d .  Following a 
reaction, the reactor was cooled o v e r n i g h t  to  room temperature.  Product 
gases were vented  t o  a g a s  h o l d e r ,  then  metered and sampled. Light  o i l s  
(n.b.p. (293oC) and water were s t r i p p e d  from t h e  r e a c t o r  by vacuum d i s t i l -  
l a t i o n .  The remaining heavy l i q u i d s  and s o l i d s  were d i s s o l v e d  i n  to luene  
and removed from t h e  reactor. The t o l u e n e  was s t r i p p e d  from t h e  heavy 
products  t h a t  were subsequent ly  analyzed for  THF-, benzene-, and 
cyc lohexane- inso lubles  t o  de termine  convers ions  and product d i s t r i b u t i o n s .  
Asphaltenes a r e  d e f i n e d  as material s o l u b l e  i n  benzene and i n s o l u b l e  i n  
cyclohexane. 

Chemical and I n s t r u m e n t a l  Analyses 

Heavy o i l s  are material s o l u b l e  i n  cyclohexane. 

The vacuum-stripped products  were s e p a r a t e d  i n t o  methylene c h l o r i d e  
s o l u b l e s  and i n s o l u b l e s  t o  facil i tate f u r t h e r  a n a l y s e s .  Elemental  a n a l y s e s  
were performed on both  t h e  methylene c h l o r i d e  s o l u b l e  and i n s o l u b l e  
p o r t i o n s .  Molecular weight d e t e r m i n a t i o n s  were performed on methylene 
c h l o r i d e  s o l u b l e s  by vapor p r e s s u r e  osmometry. Q u a n t i t a t i v e  measurements of 
phenol ic  0 -H,  and r e l a t i v e  c o n c e n t r a t i o n s  of N-H i n  the methylene chloride 
s o l u b l e  f r a c t i o n s  were made by n e a r - i n f r a r e d  procedures.  High r e s o l u t i o n  ' H  
and "C NMR s p e c t r a  of t h e  methylene c h l o r i d e  s o l u b l e  f r a c t i o n s  were 
a c q u i r e d  on a Varian XL-100 spec t rometer .  

RESULTS 

S o l v e n t  Analys is  

Conversions to  THF and benzene s o l u b l e s ,  and y i e l d s  of hydrocarbon 
products  are shown i n  Table  3.  Although a l l  r e a c t i o n  c o n d i t i o n s  were n o t  
v a r i e d  s y s t e m a t i c a l l y ,  some g e n e r a l  o b s e r v a t i o n s  can be made. High THF con- 
v e r s i o n s  ( g r e a t e r  t h a n  90%) and h i g h  benzene convers ions  (approaching 90%) 
were achieved w i t h  b o t h  of the coal and s o l v e n t  combinations t e s t e d ,  River 
King/Lummus and Burning Star/HWSRC. Use of low hydrogen p r e s s u r e  r e s u l t s  i n  
low THF convers ions  (Runs H-14 and H-17). With a low tempera ture ,  h igh  THF 
convers ions  may be o b t a i n e d ,  b u t  benzene convers ions  a r e  reduced (Runs H-12 
and H-16). I n  sys tems wi th  s o l v e n t  p r e s e n t ,  h i g h  convers ions  are obta ined  
b o t h  with and w i t h o u t  added water, b u t  a t  lower p r e s s u r e  when water is 
a b s e n t  (Runs H-10, H-24, and H-30). 

Elemental Analyses of Feed and Product F r a c t i o n s  

Table 1 shows t ha t  a n a l y s e s  of the two coals a r e  very similar, as 
expected. Tables  4 and  5 g i v e  t h e  e l e m e n t a l  a n a l y s e s  and average  molecular 
weight of the methylene c h l o r i d e  s o l u b l e  and i n s o l u b l e  f r a c t i o n s ,  
r e s p e c t i v e l y ,  of t h e  two s o l v e n t s  used -- composite Lummus ITSL s o l v e n t  and 
hydrogenated W i l s o n v i l l e  thermal r e s i d  (HWSRC). E s s e n t i a l l y  a l l  t h e  HWSRC 
i s  s o l u b l e  i n  methylene c h l o r i d e .  The ,Gables d i s c l o s e  s e v e r a l  s i g n i f i c a n t  
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Table 3. Conversion to Solubles and Yields in Liquefaction Experiments 

Autoclave 
Run No. 

H-10 
H-12 
H-14 
H-16 
H-17 
H-24 
H-30 

Conversion 
Swts. maf Coal) Net Yield (wt%. maf Coal) 

Heavy Light Hydrocarbon 
THF Benzene Asnhaltenes Oils Oils Gases 

90.2 87.6 17.7 66.7 9.0 8.7 
89.7 55.0 29.7 17.9 1 .o --- 
71.9 59.8 16.7 43.8 9.0 7.1 
92.7 66.2 42.1 37.7 3.0 --- 
84.1 ---- 38.0 11.8 3.8 5.3 
91.4 86.6 27.2 68.0 8.6 6.3 
90.8 83.9 28.6 59.7 10.6 5.5 

Table 4. Elemental Analyses and Number Average Molecular Weights of 
Methylene Chloride Soluble Fractions of Solvents and Heavy 

Aqueous Liquefaction Products. 

Sample C H 0 N S H/C Rna 

0.70 0.45 0.913 345 Composite Lummus 90.4 6.9, 1.5 
ITSL Solvent 

HWSRC Solvent 89.6 7.46 1.9 0.83 0.27 0.990 587 
H-10 88.5 7.46 2.6 1.1 0.3s 1 .oo 315 
H-12 84.1 7.27 6.0 1.1 1.57 1.0, 573 
H-1Yb 89.4 6.65 2.3 1.2 

H-17 87.8 7.10 3.2 1.4 
H-24 88.8 7.47 2.4 1.1 0.31 1 .oo 343 
H-30 89.0 7.09 2.3 1.3 

0.50 0.888 318 
H-16 86.4 7.28 4.2 1.1 1 .o, 1 .oo 408 

0.52 0.96b 340 

0.35 0.941 362 

aVPO in pyridine @ 80%. 
bAverage of two determinations. 
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Table 5. Elemental Analyses (C,H,N) of Methylene Chloride Insoluble 
Fractions of Solvents and Heavy Aqueous Liquefaction Products 

on an Ash-Free Basis. 

Sample C H N H/C 

Composite Lummus 86.4 4.9r 2.1 0.682 
ITSL Solvent 

H-10 
H-12 
H-14 
H-16 
H-17 
H-24 
H-30 

74.8 4.52 2.4 0.720 
81.3 5.76 1.5 0.844 
85.4 4.24 1.6 0.591 
80.8 5.83 1.6 0.859 
89.6 4.98 1.9 0.662 
87.7 5.17 2.1 0.702 
88.1 5.00 2.2 0.681 

differences between the solvents. The Lummus solvent is of lower molecular 
weight and is less hydrogenated. The average molecular weight of the HWSRC 
is in the range expected for soluble nondistillate coal-derived resids. 

Tables 4 and 5 also contain elemental analyses for the methylene 
chloride soluble and insoluble fractions, respectively, of the residual 
reaction products after the light oil has been stripped off. The hydrogen 
content of the methylene chloride soluble fractions of the products is -72, 
similar to that of the added hydrogen donor solvents. Although the relative 
yields of methylene chloride solubles are considerably reduced in the runs 
made at 37OoC vs. 427OC, the H/C ratio of the solubles does not appear to 
be highly temperature dependent. All of the methylene chloride solubles are 
higher in oxygen than the added hydrogen donor solvents (which have been 
catalytically hydrotreated). The oxygen content of the products from the 
runs at 370°C is considerably higher than that of the runs at 427OC. How- 
ever, excluding the 30-minute Run H-12 with added solvent in which poor con- 
version to methylene chloride solubles was achieved, the oxygen determi- 
nations in Table 4 are in the range expected for conventional direct lique- 
faction products of similar average molecular weight derived from Illinois 
No. 6 coal. 

Heteroatomic Functionality 

Infrared analyses of the 0-H and N-H functionality in the solvents and heavy 
products are summarized in Table 6. The fraction of oxygen present as 
phenolic OH in the methylene chloride solubles appears t o  be between 0.3 and 
0.4, and follows the total oxygen in Table 4 as determined by elemental 
analysis. The results reflect the fact that hydrogenolysis of carbon-oxygen 
bonds is less extensive at 37OoC than at 427OC. Also, the methylene 
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Table 6 .  D i l u t e  S o l u t i o n  I n f r a r e d  Analyses o f  Methylene Chlor ide  
So lub le  So lven t  F r a c t i o n s  and Product F r a c t i o n s  

%O as F r a c t i o n  of T o t a l  E s t . %  N F r a c t i o n  o f  To ta l  
Free OH 0 as F r e e  OH as N-H N as N-H 

Solvent  

Composite 0.47 0.32 0.25 0 .36  
Lummus ITSL 

HWSRC 0.44 0.23 0.2 8 0.34 

Autoclave 
Run No. 

H-10 0.97 0.37 0.32 0.30 
H-12 1.7 0.29 0.20 0 . 1 9  

H-14 0.88 0.35 0.44 0.40 
H-16 1.3 0.32 0.27 0 . 2 ~  
H-17 1.5 0.47 0.48 0.35 

H-24 0.99 0.41  0.43 0 .40  
H-30 0.94 0.41 0.44 0.34 

c h l o r i d e  s o l u b l e s  from runs made without added hydrogen donor s o l v e n t  tend 
t o  b e  h igher  i n  pheno l i c  0 - H  and oxygen than  from runs made wi th  added 
s o l v e n t s  t h a t  are r e l a t i v e l y  dep le t ed  i n  oxygen. The e s t ima ted  f r a c t i o n  o f  
t h e  n i t rogen  p r e s e n t  as p y r r o l i c  N-H is from 0.3 t o  0.4,  v a l u e s  t h a t  are 
c o n s i s t e n t  wi th  similar i n f r a r e d  ana lyses  of o t h e r  d i r e c t  l i q u e f a c t i o n  
products  de r ived  from I l l i n o i s  No. 6 (Burning S t a r )  c o a l .  

AveraRe S t r u c t u r a l  Parameters 

A s  a means o f  f u r t h e r  comparing t h e  heavy dewatered p roduc t s ,  average  
s t r u c t u r a l  parameters  a s s o c i a t e d  with t h e  methylene c h l o r i d e  s o l u b l e  so lven t  
and product f r a c t i o n s  have been c a l c u l a t e d .  These parameters  should not  be 
viewed as a means o f  c o n s t r u c t i n g  f i c t i t i o u s  "average s t r u c t u r e s "  f o r  t hese  
very complex f r a c t i o n s  but  as a means of condensing a l a r g e  body of d i v e r s e  
informat ion  i n t o  a se t  o f  c o r r e l a t i v e  parameters t h a t  may prove u s e f u l  f o r  
comparing samples and drawing gene ra l  conc lus ions .  

The mean s t r u c t u r a l  parameters  t abu la t ed  i n  Table  7 have been calcu-  
l a t e d  by t h e  Brown and Ladner procedure' from e l emen ta l  a n a l y s i s ,  'H NMR, 
and N I R  data. The a l i p h a t i c  H/C r a t i o  was assumed t o  be two f o r  a l l  groups 
having  pro ton  resonances  i n  t h e  Ha and H B  r eg ions ,  and t h r e e  f o r  groups 
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Table 7a. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Fractions of Hydrogen Donor Solvents 

Solvent 

L m u s  ITSL HWSRC 

Carbon Aromaticity, fa 0.73 0.62 

Composite 

Hydrogen Aromaticity, H&. 0.37 0.20 

Degree of Aromatic Ring Substitution, a 0.30 0.49 

H/C Ratio of Unsubstituted Aromatic 0.64 
Units, Haru/Car 

0.61 

Average Alkyl Substituent Chain Length, n 2.2 2.2 

(mostly methyl) having resonances in the Hy region. This "prescription" 
generally yields calculated aromaticity values for bituminous coal lique- 
faction products that agree with the direct "C NMR measurements. 

The mean structural parameters of the added donor solvents are given in 
Table 7a. The calculated aromaticities reflect the relative hydrogen con- 
tent of the solvents as determined by elemental analysis (Table 4 ) .  The 
degree of aromatic ring substitution ( a ) ,  which is an estimate of the frac- 
tion of aromatic ring edge atoms bearing a substituent, is higher for more 
hydrogenated HWSRC. In part, this is a consequence of the fact that the 
Brown and Ladner approach treats hydroaromatic rings as two alkyl substi- 
tuents with an average carbon chain length of two. In both solvents, the 
estimated average alkyl substituent chain length is about two, i.e., in 
common with most heavy coal liquefaction products, the most prominent alkyl 
substituents are methyl groups and hydroaromatic rings as opposed to long 
chain alkyl groups. The calculated H/C ratio of the unsubstituted aromatic 
units (Haru/Car) imply that the average aromatic units in both solvent 
fractions are larger than three rings and that the average size of such 
units is larger in the HWSRC than in the methylene chloride soluble fraction 
of the composite Lummus ITSL solvent. However, it should be realized that 
this parameter is an insensitive indicator of the exact ring cluster size 
for systems containing more than three aromatic rings. In addition, since 
the Brown and Ladner treatment does not acknowledge the presence of hetero- 
cyclic rings, care should be exercised in attaching more than qualitative 
significance to these results. 

None of the structural parameters characterizing the methylene chloride 
soluble fractions of the heavy dewatered aqueous liquefaction products 
(Table 7b) are significantly different from those of direct liquefaction 
products of similar hydrogen content and molecular weight range derived from 
Illinois No. 6 coal. As an example, analyses of two light thermal resids 
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Table 7b. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Product Fractions Calculated Using 'H-NMR Data 

Autoclave Run No. 

H-10 H-12 H-14 H-16 H-17 H-24 H-30 

Carbon Aromaticity, fa 0.68 0.62 0.76 0.66 0.69 0.67 0.70 

Hydrogen Aromaticity, H& 0.34 0.22 0.45 0.27 0.33 0.30 0.33 

Degree of Aromatic Ring 0.33 0.48 0.27 0.39 0.33 0.37 0.36 

H/C Ratio of Unsubstituted 0.76 0.70 0.72 0.68 0.68 0.71 0.69 

Substitution, 0 

Aromatic Units, Haru/Car 

Average Alkyl Substituent 1.9 2.0 1.7 2.1 2.2 2.0 1.9 
Chain Length, n 

(LTR's) from Non-Integrated Two-Stage Liquefaction (NTSL) experimentation at 
Wilsonville are summarized in Table 8. In Run 236 the dissolver was 
operated under "mild" severity NTSL conditions (419OC, 2000 psig HI, 
30 lb/hr ft' coal space rate), while in Run 241 the dissolver was operated 
under "moderate" severity NTSL conditions (43OoC, 2400 psig HI, 20 lb/hr ft' 
coal space rate). The aqueous liquefaction fractions tend to be only 
slightly lower in average molecular weight and slightly more hydrogenated 
than the light thermal resid from NTSL Run 236. After allowing for the 
diluting effect of the added donor solvent, the percent oxygen appears to be 
slightly lower in the aqueous liquefaction product fractions than in the 
LTR's, but the fraction of oxygen as OH is similar in both cases. Likewise, 
the estimated wt$ nitrogen as pyrrolic N-H and fraction of the total 
nitrogen as N-H are similar for both types of products. 

Table &I. Elemental Analyses and Number Average Molecular Weights of 
Methylene Chloride Soluble Fractions of Light Thermal Resids 

the Wilsonville ACLTF. 
from Liquefaction of Illinois No. 6 (Burning Star) Coal at 

Elemental Analysis (wt%) 
Run No. C H 0 N S H/C lin 

236 85.1 6.70 5.5 1.6 1.1 0.938 464 

24 1 88.1 6.19 3.3 1.6 0.8 0.836 453 
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Table 8b. Near-Infrared Analyses of Methylene Chloride Soluble 
Fractions of Light Thermal Resids. 

__ ~ 

% 0 as Fraction 0 Estimated Fraction 
Run No. Free OH as Free OH %N as NH N as NH 

236 

24 1 

1.86 0.37 0.4s 0.3 

1.42 0.46 0.51 0.3 

Table 8c. Mean Structural (Brown and Ladner) Parameters of Methylene 
Chloride Soluble Fractions of Light Thermal Resids. 

LiRht Thermal Resid 
Run 236 Run 241 

Carbon Aromaticity, fa 0.70 0.75 

Hydrogen Aromaticity, H&. 0.32 0.35 

Degree of Aromatic Ring Substitution, a 0.38 0.36 

H/C Ratio of Unsubstituted Aromatic 0.69 
Units, Haru/Car 

0.61 

Average Alkyl Substituent Chain 1.8 1.7 
Length, n 

DISCUSSION 

From the viewpoint of general structural features such as aromaticity, 
hydrogen distribution, and heteroatom functionality, the methylene chloride 
solubles of the vacuum-stripped products from aqueous liquefaction of 
Illinois No. 6 coal in the presence of added Mo catalyst are remarkably 
similar to conventional direct liquefaction products of the same molecular 
weight range derived from this coal. They do not exhibit features charac- 
teristic of coal pyrolysis products, such as a predominance of highly con- 
densed polycyclic aromatic structures with a low degree of ring substitution 
and low phenolic content. These results are consistent with recent reports 
of the, product composition from dissociation of Illinois No. 6 coal in 
base-catalyzed CO and H20 systems.’ In the latter experiments, no dramatic 
differences in composition of the toluene soluble product fractions were 
found over a wide range of conversion. Also, chromatographic profiles of 
the toluene solubles from liquefaction of Illinois No. 6 coal in CO and Hz 
and in tetralin were similar, although the mechanism of coal dissociation in 
the two systems must be quite different. A distinction has been made 
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between thermal severity (temperature, residence time) and reduction 
severity (specific reactivity of the reducing species). The inference has 
been made that similar weak bonds in the coal macromolecular structure are \ 

being broken in both aqueous and conventional coal liquefaction systems and 
that the products reflect some statistical regularity or uniformity in the 
distribution of chemical entities that constitute the coal macromolecular 
structure. Thus, although increasing the reduction (chemical) severity may 
increase the rate of bond breaking by chemical rather than thermal 
mechanisms, the observed result is primarily a larger number of liberated 
fragments rather than a change in their character. The present work indi- 
cates a similar interpretation is consistent with the reaction systems 
studied here. , 

In the present experiments, temperature is the most obvious variable 
influencing both yields and product composition. There appears to be the 
same trade-off in the aqueous liquefaction of catalyst-impregnated coal as 
in conventional thermal liquefaction using hydrogen donor solvents without 
added catalyst. Lower reaction temperatures (<4OO0C) tend to favor hydro- 

lower distillate yields, and higher yields of heteroatom-rich resid that may 
be soluble in polar solvents. Higher reaction temperatures ( >4OO0C) favor 
thermolysis and hydrogenolysis over hydrogenation. A higher yield of dis- 
tillate may result, but the remaining resid tends to become more refractory 
in nature, and the production of light hydrocarbon gases increases. 

genation over cracking and result in reduced hydrocarbon gas production, --. 

The chemical role of the water, if any, in the catalyst-impregnated 
coal and aqueous liquefaction system is not clear from the elemental and 
structural analyses of the products. Use of water as a vehicle with added 
ITSL solvent and catalyst appears to have given no better results than 
hydrogenation of the catalyst-impregnated coal in the presence of small 
quantities of a heavier, slightly more hydrogenated solvent at moderate 
pressures. There is no evidence for any significant net incorporation of 
oxygen; the water-assisted liquefaction products are not any higher in total 
oxygen or phenolic OH than conventional thermal-stage coal dissociation 
products of Illinois No. 6 coal. 

In terms of H/C ratio, and carbon and hydrogen aromaticities, the 
methylene chloride soluble fractions of the residual liquefaction products 
exhibit characteristics typical of donor solvent liquefaction products. As 
seen in Table 7, except for Run H-14, the aromaticities of the reaction 
products were less than that of the Lummus ITSL solvent and comparable to 
that of the HWSRC. Table 8c discloses that the carbon and hydrogen aroma- 
ticities of light thermal resids produced at Wilsonville in NTSL Runs 236 1 

and 241 are higher on average than those for the reaction products of this 
work. The analytical data indicate that the latter products have properties 
typical of similar molecular weight products that were produced in conven- 
tional donor solvent processes. 

I 

i 
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LIQUEFACTION CO-PROCESSING OF COAL AND 
SHALE OIL AT LOW SEVERITY CONDITIONS 
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Golden. Colorado 80401 

ABSTRACT 

Results are reported for a series of single stage batch reactor exper- 
iments in which Wyodak subbituminous coal and shale oil derived from 
medium grade Colorado oil shale were co-processed at low severity 
reaction conditions using CO/H2O as reducing agent. Distillate yields 
of over 85 wt% MAF coal with hydrogen equivalent consumptions of about 
1.0 wt% MAF coal were obtained at 600°F reaction temperature. Results 
from blank shale oil runs at the same mild reaction conditions 
suggested that shale oil residuum reactivity was enhanced in the 
presence of coal or primary coal-derived products. 

INTRODUCTION 

The possibility of liquefying coal at low severity reaction conditions 
((700'F) has intriyiied researchers for many years. As early as 1921, 
Fischer and Schrader (1) reported production of an ether-soluble 
material from coal at 660°F using carbon monoxide and water as re- 
ducing agent. More recently other groups including the Pittsburgh 
Energy Technology Center (PETC) (2) ~ the North Dakota Energy Research 
Center (3-4). SRI (5-7). and Carbon Resources, Inc. (8) have inves- 
tigated various methods of utilizing H 2 ,  CO/H20 or C O / H 2 / H 2 0  (synyas) 
in low severity liquefaction processes. Many incentives exist for 
converting coal at milder reaction conditions. The most important of 
these are listed below: 

1) Reduced H2 (or CO) consumption and hydrocarbon gas make 

2 )  Better distillate and residuum product quality, since car- 
bonization and other retrogressive reactions are suppressed to 
a large extent 

3) Production of less refractory residuum which is more sus- 
ceptible to hydrocracking in a conventional second stage 
hydrotreater or hydrocracker 

4) Significant energy savings associated with lower operating 
temperatures 

5 )  Less severe slurry handling and materials of construction 
problems 

A number of studies have been reported in which coal and non- 
coal-derived heavy oil have been co-processed at severe reaction 
conditions to obtain valuable distillable liquid products (9-11). In 
some cases. larger distillate yields were obtained by co-processing 
coal and heavy oil than by processing each feed separately. Shale oil 
has been identified as a particularly promising feed, due in p a r t  to 
the high' heterocyclic basic nitrogen content of the oil (12). In 
spite Of the advantages of operating at milder conditions, little work 
on low severity co-processing has been reported. 
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The objective of this paper is to report yield and conversion data 
from a series of single-stage low severity co-processing runs using 
Wyodak subbituminous coal and shale oil derived from medium grade 
Colorado shale. Blank shale oil runs (no coal added) were also com- 
pleted at low severity conditions to estimate the individual distil- 
late yield contributions of coal and shale oil. 

EXPERIMENTAL PROCEDURE 

Wyodak subbituminous coal sample Wyo-3 was used as feed coal in the 
low severity liquefaction co-processing experiments. The ultimate 
analysis for this sample is presented in Table I. Sampling and 
preparation details of the coal have been reported elsewhere (13,14). 
Previous reactivity studies performed on four Wyodak subbituminous 
coals including WYO-3 indicated that Wyo-3 was an extremely reactive 
coal at representative direct liquefaction reaction conditions 
(13,151. The high degree of reactivity was primarily attributed to 
the high organic sulfur and reactive maceral (vitrinite and exinite) 
content of Wyo-3 coal. Coal samples were dried to less than 1.0 wt% 
moisture content before use. 

Two shale oil samples were used in low severity liquefaction co- 
processing runs. Solvent A-5 was a full boiling range sample of shale 
oil obtained from the Western Research Institute (formerly the Laramie 
Energy Technology Center of the Department of Energy). This sample 
was produced from thermal retorting of medium grade (29 gal/ton) 
Colorado oil shale. Solvent A-6 was prepared by mildly hydrotreating 
a portion of sample A-5 in a two liter batch Autoclave Nagnedrive I1 
reactor at 650°F for one hour with an initial cold hydrogen pressure 
of 2000 psig. , Nalcomo 477 cobalt molybdate catalyst was used to 
hydrotreat the shale oil. Catalyst samples were thermactivated at 
100O0F for two hours in a muffle furnace prior to use. Approximately 
0 . 6  wt% hydrogen was consumed by the shale oil during hydrotreating. 
Properties of shale oil samples A-5 and A-6 are presented in Table 
11. Approximately 50 wt% of the nitrogen in these samples existed in 
quinoline-type or hydroquinoline-type molecular structures. 

Runs were carried out in a 60  cm3 stirred microautoclave reactor sys- 
tem designed and constructed at the University of Wyoming. This 
reactor was similar to larger Autoclave batch reactors except that 
heating was accomplished with a n  external high temperature furnace. 
AI. the end of each run, the reactor and its contents were quenched 
with an icewater batch. This reactor system provided the benefits of 
small tubing bomb reactors [quick heatup (-1 min. from room temper- 
ature to 650°F) and cooldown (-30 sec. back to room temperature)], 
while at the same time insuring sufficient mechanical agitation of the 
reactants with an Autoclave Magnedrive I1 stirring assembly to min- 
imize hydrogen mass transfer effects. The system was also designed so 
that the reactor pressure was very nearly constant throughout an 
experiment. Two iron-constantan thermocouples attached to a Fluke 
2175A digital thermometer were used for temperature measurements. One 
thermocouple measured the temperature of the reactor contents, while 
the other measured the temperature of the reactor wall. Reactor 
pressure was monitored using a 0 - 5000 psi Marsh pressure gauge. 
In these runs, carbon monoxide and water were used as reducing agent. 
with hydrogen being produced via the aqueous phase water-gas shift 
reaction. Reaction conditions were studied in the range: 600-650°F  



reaction temperature, 1000-1500 psig initial cold carbon monoxide 
pressure, and 15-60 minutes reaction time. Distilled water is an 
amount equal to 50 wt% of the dry feed coal was charged to each 
reactor run. Iron sulfate (5 wt% dry feed coal) was used as a 
disposable catalyst. 

Gaseous products were analyzed using gas chromatography. Water and 
distillate yields were measured by distilling portions of the combined 
liquid-solid product mixture to an 85OOF endpoint in a micro- 
distillation apparatus. Additional portions of the liquid-solid 
product mixture were extracted in a Soxhlet extraction apparatus using 
cyclohexane, toluene, and pyridine. Details of the experimental 
procedures used in this work have been reported ( 9 ) .  

RESULTS AND DISCUSSION 

Using data collected with the analytical procedures described, de- 
tailed yield and conversion results were computed for each lique- 
faction co-processing run. Details of the computational methods used 
in this study have been described previously ( 9 ) .  For purposes of the 
present discussion. process performance will be monitored using the 
following two parameters: C4-85O0F distillate yield ,(wt% MAF coal 
basis), and pyi'idine conversion (wt% MAF basis). Pyridine conversion 
is defined as a measure of the extent of conversion of all feeds (coal 
and non-coal-derived heavy oil) to pyridine soluble products. How- 
ever, since both A-5 and A-6 shale oil samples were completely soluble 
in pyridine and negligible coking of the shale oil occurred at low 
severity reaction conditions, pyridine conversion values reported in 
this paper.are direct measures of the extent of coal conversion in the 
co-processing runs. 

Effect of Shale Oil Prehvdrotreatment 

Figure 1 shows distillate yield results from co-processing runs 
completed using Wyo-3 coal and either A-5 or A-6 shale oil at 600°F 
and 1500 psig initial cold CO pressure. This data clearly shows that 
mild hydrotreatment of the shale oil greatly enhances co-processing 
performance. Coal conversion also increased significantly when A-6 
shale oil was used in place of A-5 shale oil. Distillate yields of 
over 85 wt% MAF coal ( 5 8  wt% MAF coal and 850°F+ shale oil) and pyri- 
dine soluble coal conversions of nearly 60 wt% MAF basis were obtained 
with A-6. Previous high severity co-processing studies using Wyo-3 
and A-6 also demonstrated the beneficial effect of prehydrotreatment. 
The enhancement at low severity conditions can be attributed to: 1) 
increased hydrogen donor ability of the hydrotreated shale oils and 2) 
increased concentration of partially hydrogenated basic nitrogen 
compounds such as tetrahydroquinoline and piperidinopyridine in the 
shale Oil. These compounds are known to promote coal dissolution and 
Catalyze the aqueous phase water-gas shift reaction. 

Effect of Reaction Temperature 

Figures 2 and 3 present yield and conversion results for co-processing 
runs completed with Wyo-3 and A-6 at 600°F and 65O0F. These data show 
that Process performance improved at lower reaction temperature. This 
effect can be at least partially attributed to the favorable thermo- 
dynamic equilibrium of the water-gas shift reaction at lower temper- 
atures. 
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Effect of Initial Carbon Monoxide Pressure 

The effect of varying the initial Co pressure is illustrated in Figure 
4. At 600°F reaction temperature, increasing the CO pressure from 
1000 to 1500 psig more than doubled the distillate yield over the 
entire range of reaction times studied. These data indicate that 
relatively high pressure is required to achieve sufficient CO sol- 
ubility in the aqueous phase for the water-gas shift reaction to 
proceed at a satisfactory rate. 

Results from Blank A-6 Shale Oil Runs 

In an attempt to estimate the amounts of distillate derived from Coal 
and from shale oil, several blank shale oil runs (no coal added) were 
completed. Results from both high severity and low severity blank 
runs are shown in Figure 5. These data were then used to estimate the 
amount of distillate attributable to the shale oil feed in each c0- 
processing run. Estimates of the coal-derived distillate production 
were computed by assuming that half of the total coal-derived cyclo- 
hexane soluble product was distillate. Results of these calculations 
are shown in Figure 6. Both low severity and high severity runs are 
included in this figure for comparison purposes. In each co-pro- 
cessing run, additional distillate in excess of that predicted by the 
blank shale oil runs was obtained. Thus, it appears likely that the 
reactivity of shale oil residuum towards distillate production is 
enhanced in the presence of coal or primary coal-derived products. 

CONCLUSIONS 

A series of low severity liquefaction co-processing runs has been 
completed using Wyodak subbituminous coal and two shale oil samples. 
Results indicated that prehydrotreatment of the shale oil, lower 
reaction temperature, and higher initial CO pressure all contributed 
to enhanced process performance. Distillate yields in excess of 85 
wtO MAF coal were obtained at 60O0F, 1500 psig CO pressure, and 60 
minute reaction time. Results from blank shale oil experiments 
suggested that overall distillate yield could be maximized by co- 
processing coal and shale oil rather than processing the two feeds 
separately. 
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Table I 

Ultimate Analysis of Wyodak 
Subbituminous Coal Wyo-3 

Ultimate Analysis, wt% dry basis 

Carbon 
Hyd r ogen 
Nitrogen 
Sulfur 

Sulfate 
Pyrite 
Organic 

Oxygen 
Ash 

(difference) 

58.2 
4.3 
0.8 
2.9 

13.9 
19.9 

Table I1 
Properties of Shale Oil Samples 

Sample 

Wt% Distilled 

Water 
350°F 

500°F-6500F 
650°F-8500F 
BSOOF+ 

350°F-5000F 

Ultimate Analysis. wt% dry basis 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (difference) 
Ash 

A- 5 

0.7 
4.2 
9.6 

18.8 
39.0 
27.7 

83.3 
12.1 
1.4 
0.5 
2.7 
0.0 
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0.8 
0.9 
1.2 

A- 6 

0.1 
10.3 
18.3 
22.5 
29.8 
19.0 

84.7 
12.9 
1.2 
0.4 
0 . 8  
0.0 
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Figure 5. Results from Blank Shale O i l  Runs a t  Low 
and High Severity Reaction Conditions 
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Figure 6. Estimated D i s t r i b u t i o n  o f  D i s t i l l a t e  Production from wyo-3 
Coal and A-6 Shale O i l  a t  Low and High Sever i ty  Reaction 
Conditions 
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The Roles and Importance of Hydrogen 
Donation and Catalysis in Coprocessing 

Christine W .  Curtis,  Frankie N .  Cassell,  
and Donald R .  Cahela 

Chemical Engineering Department 
Auburn University, Alabama 36849 

The ro les  and r e l a t ive  importance of hydrogen donation and ca ta lys i s  i n  
producing an upgraded product s l a t e  from coprocessing are explored. These e f fec ts  
are examined i n  two types of systems: 
coprocessing of coal with residuum. 
performed both thermally and ca ta ly t ica l ly  in the presence and absence of t e t r a l i n  
(TET) t o  elucidate possible synergetic interactions between the  ca t a lys t  and TET 
fo r  increased coal conversion and an improved product s l a t e .  

Catalytic coprocessing which has been extensively reviewed by Monnier (1) 
generally produces an improved product s l a t e  and a higher degree of upgrading than 
does thermal coprocessing. Previous work performed by Curtis e t  a l .  (2,3) has 
shown the necessity of having highly accessible ca ta lys t s  fo r  coprocessing. 
Catalyst access ib i l i ty  a f fec ts  both the amount of coal conversion and the degree 
of upgrading of liquefied coal t o  soluble products and of petroleum asphaltenes t o  
pentane solubles. In t h i s  work, two highly accessible ca ta lys t s  are investigated: 
an oil  soluble ca ta lys t ,  Mo naphthenate, and a presulfided commercial NiMo/AlzOg 
hydrotreating catalyst  which was ground t o  -200 mesh t o  increase i t s  access ib i l i ty  
and, hence, i t s  ac t iv i ty .  Mo naphthenate i s  a metal s a l t  of an organic acid tha t  
i s  thought to  be converted t o  an active ca ta lys t  under typical coprocessing 
conditions of high temperature and hydrogen atmosphere with a par t ia l  pressure of 
hydrogen sulfide.  The active species i s  believed t o  be a noncolloidal metal 
su l f ide  (4 ,5 ) .  

The ef fec t  of hydrogen donor compounds on the products obtained from 
coprocessing has been examined by Curtis e t  a l .  (6 ) .  
must be available for  upgrading reactions t o  occur in coprocessing and t h a t  the 
hydrogen can be present e i the r  as  molecular H2 or donable hydrogen. 
donor  present affected the product s l a t e ;  tetrahydroquinol ine promoted coal 
conversion while te t ra1  in and dihydrophenanthrene promoted the production of 
l i gh te r  products. 
donable hydrogen a t  the 0.5 w t %  level or higher were required t o  substantially 
a f fec t  coal conversion. 

The objective of the current work i s  t o  investigate the e f fec t  of hydrogen 
donor addition in conjunction with ca t a ly t i c  hydrotreatment on the  products 
obtained from upgrading residuum and coprocessing coal with petroleum residuum. 
The reaction products are evaluated in terms of so lubi l i ty  f rac t ions ,  coal 
conversion t o  solubles in the solvent extraction scheme used and o i l  production. 
Oil production i s  defined as the amount of pentane solubles a f t e r  reaction minus 
the i n i t i a l  pentane solubles divided by the upgradeable materials which a re  the 
pentane insoluble materials from maf coal and the residuum. 
amount of hydrogen transferred t o  the products via gas-phase molecular hydrogen 
and donation by hydrogen donors i s  examined. 
in promoting coal conversion and producing a high quali ty product s l a t e  i s  
evaluated in thermal and ca ta ly t ic  coprocessing. 

the upgrading of residuum and the 
In these experiments, the reactions were 

They concluded tha t  hydrogen 

The type of 

When reacted in e i the r  a H2 or N2 atmosphere, concentrations of 

In addition, the 

The efficacy of donable hydrogen 
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Experimental 

UDqradinq and Coorocessinq Reactions. 
conducted i n  50 m l  s t a i n l e s s  s tee l  reactors ,  charged w i t h  1250 ps-ig H2 c o l d  
( g i v i n g  -3000 p s i  a t  r e a c t i o n  temperature), 39 m f  coal and 69 so lvent .  
c a t a l y t i c  experiments, t h e  c a t a l y s t  charge was l g  o f  p r e s u l f i d e d  Shel l  324 
NiMo/A1202 (0.0449 Mo/g m f  coa l )  ground t o  -200 mesh from 1/16" i n c h  extrudates 
or, when us ing  Mo naphthenate, t h e  charge was 0.0029 Mo/g m f  coal. 
cond i t i ons  were 30 minutes a t  4OO0C f o r  t he  thermal reac t i ons  and a t  400° and 
425OC f o r  t h e  NiMo/AlzO3 and Mo naphthenate react ions.  
a t  700 cpm w i t h  2 s t e e l  b a l l s  as a g i t a t i o n  aids. 
used i n  t h e  upgrading reac t i ons  and as the  so lvent  i n  t h e  coprocessing react ions.  
For coprocessing, Western Kentucky 9/14 bituminous coal was used. 
reac t i ons  us ing  TET, one weight percent  donable hydrogen was introduced; the  TET 
composed about o n e - t h i r d  o f  t he  so lvent .  Each upgrading o r  coprocessing reac t i on  
was, a t  l e a s t ,  d u p l i c a t e d  and some were t r i p l i c a t e d  o r  quadrupl icated. 
a c t i v i t y  of t h e  NiMo/A1203 was tes ted  by r e a c t i n g  naphthalene i n  H2 a t  30OoC. 
Naphthalene (NAPH) was n e a r l y  t o t a l l y  hydrogenated forming TET and deca l i n  (DEC), 
producing t h e  expected amount (7). 
t e s t e d  us ing  naphthalene hydrogenation. 

Product Analys is .  
coprocessing r e a c t i o n s  were analyzed us ing so lvent  e x t r a c t i o n .  The product 
f r a c t i o n s  obta ined were PS - pentane so lub le;  BS - benzene so lub le,  pentane 
inso lub le ;  MCMS - methylene chloride/methanol so lub le  benzene soluble; THFS - 
te t rahyd ro fu ran  (THF) so lub le,  methylene chloride/methanol i nso lub le ;  IOM - 
i n s o l u b l e  organic  mat ter ,  i n s o l u b l e  i n  THF. In  t h e  coprocessing react ions,  coal 
conversion was c a l c u l a t e d  on the  bas is  o f  t h e  amount o f  ma te r ia l  converted t o  
so lub le  products  and was co r rec ted  f o r  t he  amount o f  I O M  formed i n  the  upgrading 
reac t i ons  w i t h  equ iva len t  r e a c t i o n  cond i t i ons .  The weight o f  t h e  gas a f t e r  
r e a c t i o n  was measured and t h e  hydrogen consumption was determined us ing PVT 
methods. The hydrogen consumption was ca l cu la ted  f o r  each react ion.  

programmed gas chromatography us ing a Var ian Model 3700 equipped w i t h  a F I D  and a 
60 m DB-5 J and W fused s i l i c a  c a p i l l a r y  column. The PS and BS f r a c t i o n s  were 
analyzed f o r  TET, DEC and NAPH t o  determine the  amount o f  hydrogen t rans fe r red  by 
TET t o  coal  and t h e  pet ro leum solvent .  An i n t e r n a l  standard, p-xylene, Waf used. 
Dihydronaphthalenes were n o t  detected a t  d e t e c t a b i l i t y  l e v e l s  o f  2.4 X 10- l g .  

Solvent e x t r a c t i o n  ana lys i s  o f  Maya TLR showed t h a t  t he  residuum before 
r e a c t i o n  was composed o f  77.6% PS and 22.4% BS. TET, NAPH, and DEC were no t  
observed i n  f t e  chromatograms o f  t h e  ex t rac ted  residuum a t  t he  d e t e c t a b i l i t y  l eve l s  
of 2.4 X 10- 
temperature w i t h  l e s s  than 3% MCMS and 1% THFS being present. 

Upgrading and coprocessing reac t i ons  were 

I n  the  

Reaction 

The reac to rs  were agi ta ted 
Maya topped long  r e s i d  (TLR) was 

I n  t h e  

The 

The a c t i v i t y  o f  t h e  Mo naphthenate was a lso 

The l i q u i d  products obtained from t h e  upgrading and 

The PS and BS f r a c t i o n s  o f  t h e  r e a c t i o n  products were analyzed by temperature 

g. Western Kentucky 9/14 coal  was n e a r l y  i n s o l u b l e  a t  room 

Discussion o f  Results 

Lbcrradina of Residuum. The r e s u l t s  from t h e  thermal ana c a t a l y t i c  upgrading 
reac t i ons  performed i n  t h e  presence and absence o f  t e t r a l i n  are g iven i n  Table 1. 
A f t e r  Maya TLR was t h e r m a l l y  upgraded i n  H2, t h e  product  s o l u b i l i t y  f r a c t i o n s  
obta ined dev iated o n l y  s l i g h t l y  from t h e  unreacted residuum. The major change 
observed was the  decrease o f  t he  BS f r a c t i o n  and t h e  format ion o f  l i g h t e r  and 
heavier  f rac t i ons .  
Per 6 9 charge o f  residuum. No TET, NAPH, o r  DEC was observed i n  t h e  upgraded 
residuum. When TET was added a t  t h e  one percent  donable hydrogen l e v e l ,  t h e  
product  ana lys i s  was s i m i l a r  t o  t h a t  w i thou t  TET except t h a t  t he  I O M  was g rea te r  

Hydrogen consumption du r ing  t h e  r e a c t i o n  was 17.7 mmole o f  H2 

I 
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and the  o i l  f r a c t i o n  was s l i g h t l y  l e s s  (Table 1) .  
dehydrogenation reac t i ons  i n v o l v i n g  TET were observed i n  the  r e a c t i o n  system: 

Both hydrogenation and 

TET - ->  NAPH t 2H2 
TET t 3H2 - ->  DEC 

The dehydrogenation r e a c t i o n  was predominant and produced H2 w h i l e  t h e  
hydrogenation r e a c t i o n  occurred t o  a l esse r  extent  and consumed H . 
amount o f  hydrogen t rans fe r red  was ca l cu la ted  by sub t rac t i ng  t h e  $2 consumed by 
r e a c t i o n  2 from t h a t  produced from r e a c t i o n  1. 

The n e t  

Table 1 
Upgrading o f  Residuum 

Thermal NtMo/Al?O? Mo NaDhthenate 
400% 400 C 425 C @Q°C 4 2 5 ° C  

Maya Maya 
Product Maya TLR Maya Maya TLR Maya Maya Maya TLR 
D i s t r i b u t i o n ,  % TLR t TET TLR t TET TLR TLR TLR t TET 
Gas 1.9 2.0 2.1 2.4 3 .7  1.3 2.7 1.7 
PS 80 .0  79.1 85.4 88.1 86.0 80.5 86.7 85.2 
BS 17.1 17.4 7.7 5.3 4.5 15.9 9.9 11.0 
MCMS 0.4 0.3 0.7 1.2 0.4 0 .6  0 .2  0.9 
THFS 0.5 0.4 0.7 1.1 0 .2  0 .2  0 .1  0.6 
I OM 0.1 0.8 3.4 1.9 5.2 1 .5  0.4 0.6 

H Consumed, 19.5 14.2 31.3 28.5 44.3 23.1 19.5 12.82 

NA 0 .5  NA NA NA 0.62 H2 Transferred, NA* 2.6 

Tota l  H2 Used, 19.5 16.8 31.3 29.0 44.3 23.1 19.5 13.44 

O i l  Production, % 11.4 10.2 39.6 53.5 44.1 16.0 43.6 39.5 

NA: Not Appl icable 

I n  t h e  thermal upgrading r e a c t i o n  w i t h  TET, 2.6 mmoles o f  H were t r a n s f e r r e d  
from TET t o  the residuum and an average o f  14.2 mmoles o f  molecufar  hydrogen were 
consumed; the re fo re ,  t he  t o t a l  hydrogen u t i 1  i zed  by t h e  residuum was 16.8 mmoles. 
Although the  t o t a l  amount o f  H t r a n s f e r r e d  t o  and consumed by t h e  residuum was 
g rea te r  i n  the  r e a c t i o n  w i thou t  TET, the  increased hydrogen u t i l i z a t i o n  by t h e  
residuum d i d  no t  r e s u l t  i n  h igher  conversion o f  BS t o  PS; bo th  reac t i ons  had near l y  
equiva lent  o i  1 product ion.  

C a t a l y t i c  Umradina.  In  t h e  c a t a l y t i c  upgrading o f  Maya TLR w i t h  NiMo/A1203, two- 
t h i r d s  o f  t he  o r i g i n a l  BS were reacted, forming both l i g h t e r  and heavier  products 
(Table 1 ) .  A subs tan t i a l  amount o f  IOM, 3.4%, was produced compared t o  0.1% i n  
the  thermal reac t i on .  C a t a l y t i c  hydrotreatment increased o i l  p roduc t i on  t o  - 40% 
compared t o  11.4% i n  t he  thermal r e a c t i o n  and hydrogen consumption was doubled. 
With NiMo/Al 0 t r a c e  bu t  measurable q u a n t i t i e s  o f  DEC, TET, and NAPH were 
observed i n  20% t h e  PS and BS product  f rac t i ons .  These r e s u l t s  i n d i c a t e  t h a t  
wh i l e  subs tan t i a l  upgrading, i .e., h igh  o i l  product ion and hydrogen consumption, 
occurred, coking a l so  occurred, producing heavy products from t h e  residuum. 

I n  Table 2, t h e  hydrogen contents  o f  t h e  PS and BS f r a c t i o n s  from t h e  
upgrading reac t i ons  are given. 

‘&AI es 

m o l e s  

mmol es 

Comparing t h e  hydrogen content obta ined from 
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c a t a l y t i c  t o  t h e  thermal hydrogenation shows increases i n  t h e  hydrogen content i n  
both PS and BS f r a c t i o n s  wi th NiMo/Alz03. Thus, i t  appears t h a t  t h e  increased 
hydrogen consumption r e s u l t e d  i n  a d i r e c t  increase o f  t h e  hydrogen content  o f  t he  
products. Comparison o f  t h e  gas chromatograms obta ined f rom both t h e  PS and 8s 
f r a c t i o n s  p r i o r  t o  t h e  r e a c t i o n  t o  t h a t  obta ined a f t e r  t h e  thermal and c a t a l y t i c  
react ions,  however, d i d  n o t  show any v i s i b l e  changes i n  t h e  product  f i n g e r p r i n t .  
Changes i n  t h e  compounds present  o r  t he  a d d i t i o n  o f  new compounds t o  these product 
f r a c t i o n s  was n o t  d i s c e r n i b l e  i n  t h e  chromatograms. 

Table 2 
Elemental Composition o f  PS and 8s Fract ions from Upgrading F rac t i ons  

Temperature PS BS 
Reactants OC Ca ta l ys t  % C  % H  % C  X H  

Maya TLR No Reaction 84.7 11.5 NM* NM 
84.7 11.4 NM NM 

Maya TLR 400 None 85.7 11.2 82.8 7.0 
85.6 11.4 83.1 7.0 

Mava TLR 400 NiMo/A1902 87.1 12.0 
' &.I 

86.8 11.8 83.9 8.5 
Maya TLR 400 Mo Naphthenate 84.9 11.3 82.7 6.5 

84.6 11.2 82.9 7.6 -~ - .  

Maya TLR 425 Mo Naphthenate 86.1 11.8 85.3 7.4 
88.0 12.1 85.3 7.3 

Maya TLR No Reaction 86.9 10.0 NM NM 
+ TFT . 

Maya TLR 400 None 86.6 10.2 83.6 7.3 
+ TET 86.7 10.3 83.6 6.8 
Maya TLR 400 NiMo/A1203 87.9 10.9 79.3 8.7 
+ TET 87.6 10.8 78.2 8.4 
Maya TLR 425 Mo Naphthenate 86.8 10.3 84.9 7.3 
+ TET 87.0 10.3 84.3 7.4 

*NM: Not measured 

When TET was added, a h ighe r  o i l  product ion (53.5%) and a decrease i n  BS were 
observed, although t h e  t o t a l  amount o f  heavy products (MCMS, THFS, and IOM) was 
s i m i l a r  t o  t h e  r e a c t i o n  w i thou t  TET. I n  these react ions,  t h e  c a t a l y s t  and TET 
were both p o s i t i v e  f a c t o r s  i n  producing PS ma te r ia l s .  The molecular  hydrogen 
consumed by t h e  residuum was n e a r l y  equiva lent  t o  t h e  r e a c t i o n  w i thou t  TET. Only 
0.39 mmoles o f  NAPH were produced which was approximately one -s i x th  t h a t  produced 
i n  t h e  thermal reac t i on ,  i n d i c a t i n g  t h a t  hydrogenation o f  NAPH formed du r ing  the  
r e a c t i o n  t o  TET occurred i n  t h e  presence o f  NiMo/AlzO3. 

The c a t a l y t i c  upgrading reac t i ons  w i t h  Mo naphthenate were performed a t  400 
and 425OC. 
s l a t e  was observed wi th  Mo naphthenate a t  400 OC. 
temperature o f  425OC, t h e  a c t i v i t y  o f  t h e  Mo naphthenate c a t a l y s t  appeared t o  be 
enhanced s ince  s u b s t a n t i a l  increases i n  the  upgrading o f  Maya TLR were observed; 
BS was converted t o  PS and on ly  small  amounts, <0.4%, o f  IOM were formed. An o i l  
product ion o f  43.6% was achieved y i e l d i n g  a subs tan t i a l  increase over t h a t  (16%) 
observed a t  40OoC. When TET was added, t h e  product  s l a t e  was very s i m i l a r  t o  tha t  
w i thou t  TET a l though t h e  t o t a l  mmoles o f  H2 u t i l i z e d  by t h e  residuum was s l i g h t l y  
l e s s  (Table 1). Only 0.44 mmoles o f  NAPH were produced, again i n d i c a t i n g  t h e  
rehydrogenation o f  NAPH t o  TET i n  the  presence o f  Mo naphthenate. 

Compared t o  t h e  thermal reac t i on ,  o n l y  a small change i n  product  
A t  an increased r e a c t i o n  
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Coorocessinq o f  Coal w i t h  Residuum. I n  thermal coprocessing, Maya TLR and Western 
Kentucky 9/14 coal were reacted i n  the  presence and absence o f  TET a t  a one 
percent  donable hydrogen l e v e l  (Table 3 ) .  The r e a c t i o n  w i thou t  TET achieved 47.9% 
coal  conversion which was corrected t o  account f o r  t h e  IOM produced from t h e  
r e a c t i o n  us ing  Maya TLR alone. The thermal coprocessing reac t i ons  u t i 1  i zed  12.3 
mmoles o f  H2 and achieved an o i l  product ion o f  12.6%. 
conversion increased t o  69.7%; however, o i l  p roduc t i on  was lowered t o  4.1%. 
Although t h e  consumption o f  molecular hydrogen i n  the  r e a c t i o n  with TET was -2 
mmoles l e s s  than i n  t h e  r e a c t i o n  wi thout  TET, an a d d i t i o n a l  6.5 m o l e s  o f  HZ was 
t r a n s f e r r e d  from TET t o  the  coal/petroleum system, y i e l d i n g  t h e  t o t a l  o f  16.6 
mmoles o f  H u t i l i z e d  by the  coal/residuum system. The increased H2 u t i l i z a t i o n  
by the  coaljresiduum/TET system r e s u l t e d  i n  increased coal conversion and i n  t h e  
product ion o f  t he  heavier  product  f r a c t i o n s  bu t  no t  i n  increased o i l  product ion.  

Table 3 
Coprocessing o f  Coal w i t h  Residuum a t  4OO0C 

When TET was added, coal  

Mo 
Thermal N i  Mo/A120? Naohthenate 

Product Maya TLR Maya TLR Maya TLR Maya TLR + Maya TLR 
D i s t r i b u t i o n ,  % + Coal Coal + TET + Coal Coal + TET + Coal 
Gas 1.7 1.9 1 .8  1.7 1 . 9  
PS 
BS 
MCMS 
THFS 
I OM 

-.. -.- _._ 
53.2 48.3 63.6 60.1 54.7 
17.3 18.6 17.9 22.3 18.4 
5.8 9.9 3 .1  5.5 8 .6  
5.9 9.0 1.6 1.9 8.6 

16.1 12.3 12.0 8.5 7 .8  

H Consumed, 

Hp Transferred, 

Tota l  Hp Used, 

Corrected Coal 

2ki11 es 12.3 10.1 30.2 45.7 26.7 

m o l  es NA* 6 . 5  NA* 0.6 NA* 

mmoles 12.3 16.6 30.2 46.3 26.7 

Conversion, % 4 i . 9  69.7 68.9 81 .a 78.5 

O i l  Production, % 12.6 4 . 1  23.3 29.2 3 .8  
BS Production, % 5.6 12.9 7.7 22.1 9.7 

NA: Not Appl icable 

C a t a l v t i c  CoDrocessina. 
TLR was performed i n  t h e  presence o f  NiMo/A1203 and Mo naphthenate c a t a l y s t s  and 
a l so  w i t h  and w i thou t  TET. 
are g iven i n  Tables 3 and 4. 
coal conversion which was g rea te r  than thermal coprocessing (4f.d%) and near l y  
equiva lent  t o  thermal coprocessing w i t h  TET (69.7%). 
c a t a l y t i c  coprocessing was more than double t h a t  o f  t h e  thermal reac t i ons  w i t h  and 
wi thout  TET. I n  addi t ion,  h ighe r  hydrogen consumption and lower y i e l d s  o f  t he  
MCMS and THFS f r a c t i o n s  were obtained, i n d i c a t i n g  a more h i g h l y  upgraded product. 
The combined e f f e c t  o f  hydrogen donat ion from TET and hydrotreatment from 
NiMo/Al O3 s y n e r g e t i c a l l y  promoted coal conversion s ince t h e  a d d i t i o n  o f  TET 
produce8 a h ighe r  coal  conversion (81.8%) than d i d  the  c a t a l y s t  alone (68.9%) o r  
the  thermal r e a c t i o n  w i t h  TET (69.7%). 

C a t a l y t i c  coprocessing o f  Western Kentucky coal  w i t h  Maya 

Analys is  o f  t he  products achieved from these react ions 
C a t a l y t i c  treatment wi th NiMo/Al 0 achieved 68.9% 

The o i l  p roduc t i on  from 

High q u a l i t y  products were produced du r ing  
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t h e  r e a c t i o n  w i t h  o i l  p roduc t i on  reaching n e a r l y  30%, h ighe r  BS and lower l e v e l s  
o f  MCMS and THFS f r a c t i o n s  were a l so  observed. 
hydrogen occurred w i t h  TET a d d i t i o n  than wi thout .  
t imes more NAPH was produced than DEC; however, t he  NAPH product ion o f  0.53 mmoles 
i n  t h e  c a t a l y t i c  r e a c t i o n  was low compared t o  3.4 mmoles produced i n  t h e  thermal 
reac t i on .  
be rehydrogenated t o  TET and a consumer o f  H2. The t o t a l  amount o f  H u t i l i z e d  by 
t h e  coal/resid/TET system was 46.3 mmoles which was h ighe r  than t h e  t ierma1 
r e a c t i o n  o r  t h e  NiMo/Al 0 r e a c t i o n  wi thout  TET. A small  increase i n  t h e  
hydrogen content  o f  the%$ was observed compared t o  t h e  thermal r e a c t i o n  as shown 
i n  Table 5. 

A h ighe r  consumption o f  molecular 
During the  reac t i on ,  t h ree  

As i n  t h e  upgrading react ions,  t h e  presence o f  NiMo/A1203 caused NAPH t o  

Table 4 
Coprocessing of Coal w i t h  Residuum a t  425OC 

Thermal NiMo/AlTOi- Mo NaDhthenate 
Maya TLR Maya L Maya TLR Maya TLR t 

Product D i s t r i b u t i o n ,  % + Coal t Coal + Coal Coal t TET 

Gas 4.1 3.5 4.0 3.6 
PS 55.1 61.8 66.8 61.9 
BS 15.0 19.8 19.3 21.8 
MCMS 3.4 2.8 4.8 6.0 
THFS 3.1 2.0 1.6 2.1 
I O M  19.4 9.6 3.5 4.6 

H Consumed, 

H2 Transferred, 

To ta l  H2 Used, 

Corrected Coal 

O i l  Production, % 6.6 22.8 31.4 32.0 
BS Production, % -1.8 11.3 12.6 19.5 

*NA: N o t  app l i cab le  

When Mo naphthenate was used i n  coprocessing a t  4OO0C, coal  conversion 
increased compared t o  t h e  thermal r e a c t i o n  bu t  l i t t l e  o t h e r  e f f e c t  was observed 
(Table 3). When t h e  temperature was increased t o  425OC (Table 4), subs tan t i a l  
increases i n  coal conversion, hydrogen consumption, and o i l  product ion were 
observed i n  t h e  reac t i ons  us ing  Mo naphthenate. 
c a t a l y s t  was added and t h e  temperature was increased, t h e  e f f e c t  o f  t h e  
temperature increase on t h e  r e a c t i o n  must be ascertained. Th is  e f f e c t  can be 
evaluated from t h e  da ta  g iven i n  Table 4, by conparing t h e  products  produced 
du r ing  the  thermal r e a c t i o n  a t  425OC t o  those produced w i t h  Mo naphthenate. Since 
both coal conversion and o i l  product ion were l ow  i n  t h e  thermal r e a c t i o n  a t  
425OC, t h e  h i g h  l e v e l s  o f  coal  conversion and oil  produc t ion  can then be 
a t t r i b u t e d  t o  t h e  c a t a l y t i c  a c t i v i t y  o f  Mo naphthenate n o t  t h e  temperature 
increase. 
naphthenate i s  more a c t i v e  i n  terms o f  o i l  pro8uct ion and coal conversion even 
though t h e  concen t ra t i on  l e v e l  o f  Mo i n  the  NiMo/A1203 r e a c t i o n  was 22 t imes t h a t  
i n  Mo naphthenate reac t i on .  

2 M b l e s  29.8 41.6 57.5 49.9 

mmol es NA* NA NA 2.6 

mmol es 29.8 41.6 57.5 52.5 

Conversion, X 52.4 80.6 89.5 89.3 

Since i n  these reac t i ons  both a 

Comparing Mo naphthenate t o  NiMo/Al O3 a t  425OC, shows t h a t  Mo 
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Table 5 
Elemental Composition o f  PS and BS Fract ions from Coprocessing 

Temperature ps BS 
Reactants QC Catal v s t  % C  % H  % C  % H  
Maya TLR 400 None 84.5 11.4 
+ Coal 84.0 11.3 82.8 
Maya TLR 400 N i  Mo/A12O3 84.8 10.9 84.6 
+ Coal 84.8 10.9 86.8 
Maya TLR 400 
+ Coal 
Maya TLR 425 
+ Coal 

Maya TLR 400 
+ Coal + TET 
Maya-TLR 400 
+ Coal + TET 

Maya TLR 425 
+ Coal t TET 

Mo Naphthenate 84.3 10.8 83.6 
84.3 10.8 84.1 

Mo Naphthenate 85.7 11.0 
84.6 10.6 86.3 
84.9 10.7 85.1 
85.1 10.6 

None 86.3 10.1 83.8 
86.4 10.1 83.5 

NiMo/A1203 87.8 10.5 
87.1 10.5 86.0 
85.7 10.3 84.7 
87.4 10.5 

Mo Naphthenate 86.9 10.5 85.6 
86.5 10.3 85.7 

7.1 
7.4 
7.3 
7.2 
7.2 

6.4 
6.8 

6.9 
7.0 

7.0 
7 .1  

6.6 
6.6 

The presence o f  TET i n  t h e  coal/resid/Mo naphthenate system d i d  n o t  
s u b s t a n t i a l l y  change t h e  product  s la te .  Coal conversion, hydrogen consumption and 
o i l  product ion were t h e  same as the  r e a c t i o n  w i thou t  TET. The t o t a l  amount o f  
NAPH formed du r ing  the  r e a c t i o n  was 1.5 mmoles which f e l l  between t h a t  f o r  t he  
thermal and NiMo/Al 03 react ions.  Ten t imes as much NAPH was formed as DEC. The 
H2 u t i l i z e d  by t h e  60 naphthenate systems, 57.5 mmoles w i thou t  TET and 52.5 mmoles 
w i t h  TET, was h igh  compared t o  t h e  o the r  reac t i ons  performed. The product  s la tes  
from these Mo naphthenate reac t i ons  show the  e f f e c t i v e  u t i l i z a t i o n  o f  H2 i n  terms 
o f  coal conversion and o i l  production. 

1 The a d d i t i o n  o f  
c a t a l y s t  i n  t h e  residuum upgrading reac t i ons  increased the  amount o f  o i l  
product ion achieved and, i n  t h e  case o f  NiMo/Al 03, s u b s t a n t i a l l y  increased t h e  
I O M  formed. The presence o f  TET had vary ing e f f e c t ;  bu t  on l y  i n  t h e  r e a c t i o n  w i t h  
NiMo/AlzOj d i d  TET improve the  o i l  production. I n  a l l  upgrading reac t i ons ,  t h e  BS 
f r a c t i o n  was reduced du r ing  the  r e a c t i o n  forming both 1 i g h t e r  and heavier  
products. The c a t a l y t i c  reac t i ons  w i t h  NiMo/A1203 and Mo naphthenate a t  425OC 
reduced t h e  BS f r a c t i o n  t h e  most. The combination o f  TET p l u s  NiMo/A120 resu l ted  
i n  t h e  g rea tes t  reduc t i on  o f  t h e  BS f r a c t i o n  and subsequent increase i n  $he PS 
f r a c t i o n .  

I n  t h e  coprocessing experiments, both the  a d d i t i o n  o f  c a t a l y s t  and t h e  
a d d i t i o n  o f  t e t r a l i n  promoted coal conversion. For t h e  NiMo/Al2Og reac t i ons ,  t he  
combination o f  c a t a l y s t  and t e t r a 1  i n  synerget ica l  l y  promoted coal  conversion. 
With Mo naphthenate, coal conversion was h igh  (89.5%) without  TET a d d i t i o n  and no 
change was observed w i t h  t h e  a d d i t i o n  o f  TET. Thus, w i t h  a h i g h l y  access ib le  and 
a c t i v e  c a t a l y s t ,  a d d i t i o n a l  hydrogen donation from t h e  so lvent  had 1 i t t l e  
in f luence on coal  conversion. Therefore, coal conversion i n  coprocessing appears 
t o  be dependent upon both c a t a l y s t  and hydrogen donat ion except i n  t h e  case o f  a 
h i g h l y  a c t i v e  c a t a l y s t  where c a t a l y t i c  a c t i v i t y  predominates. 
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TET d i d  n o t  promote t h e  product ion o f  PS m a t e r i a l s  i n  e i t h e r  t h e  thermal o r  
c a t a l y t i c  reac t ions .  I n  f a c t ,  i n  the  thermal reac t ions  t h e  presence o f  TET was 
de t r imenta l  t o  o i l  p roduc t ion .  

The e f fec t  o f  TET and c a t a l y t i c  t reatment on BS produc t ion  i s  a l s o  
i n s t r u c t i v e  i n  examining t h e  r o l e s  and r e l a t i v e  importance o f  these two f a c t o r s  i n  
coprocessing. BS p r o d u c t i o n  i s  de f ined as t h e  d i f f e r e n c e  between t h e  f i n a l  BS and 
t h e  i n i t i a l  BS d i v i d e d  by t h e  upgradeable mater ia l  which i s  maf coa l .  Compared t o  
t h e  thermal r e a c t i o n  a t  4OO0C, the  a d d i t i o n  o f  TET increased t h e  amount o f  BS 
product ion (Table 3).  C a t a l y t i c  treatment a t  4OO0C d i d  n o t  increase t h e  BS 
product ion;  however, t h e  a d d i t i o n  o f  TET t o  r e a c t i o n  system w i t h  NiMo/A120j a t  
4OO0C d i d  enhance BS produc t ion .  A t  425OC, the  presence o f  NiMo/Al 03 and Mo 
naphthenate increased t h e  8s product ion as shown i n  Table 4. 
t o  t h e  Mo naphthenate r e a c t i o n  again increased the  BS product ion.  Since a l l  o f  
these reac t ions  showed p o s i t i v e  o i l  production, t h e  increases observed i n  the  BS 
product ion were d i r e c t l y  r e l a t e d  t o  the  upgrading o f  l i q u e f i e d  coal t o  BS 
products. Thus, t h e  presence o f  TET ass is ted  i n  t h e  produc t ion  o f  BS but  n o t  i n  
the  product ion o f  PS. The presence o f  a hydro t rea t ing  c a t a l y s t  was requ i red  f o r  
o i l  product ion i n  t h e  coprocessing reac t ions .  

The a i d i t i o n  o f  TET 
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ABSTRACT 

H R I  i s  cu r ren t l y  conducting a four-par ty  funded program t o  develop and 
demonstrate c a t a l y t i c  c o a l / o i l  co-processing using HRI 's proven ebullated-bed 
reactor  technology. The i n i t i a l  task i n  the research program was t o  determine 
r e a c t i v i t i e s  o f  four  coals ( I l l i n o i s  No. 6 and Ohio No. 5/6 bituminous. A lbe r ta  
sub-bituminous and Texas l i g n i t e )  and fou r  petroleum residuums (Cold Lake, Maya, 
West Texas Sour, and Canadian IPL), both separately and i n  combination, us ing a 
20cc microautoclave reactor. Experimental condi t ions and a n a l y t i c a l  procedures 
were developed t o  proper ly  approximate ebul la ted bed condi t ions a t  the small, 
batch scale and t o  a l low est imat ion o f  both coal and petroleum residuum conver- 
sions. Over 200 s ing le-s tage microautoclave t e s t s  were conducted studying 
sever i ty ,  feedstock r a t i o ,  and c a t a l y s t  e f fects .  An i n t e r e s t i n g  synerg i s t i c  
response was noted which i nd i ca tes  optimum performance a t  50/50 c o a l / o i l  r a t i o  
f o r  one p a r t i c u l a r  feedstock pai r .  I n i t i a l  r e s u l t s  from a s ing le-s tage run i n  a 
continuous bench u n i t  v e r i f i e d  the trends noted i n  the microautoclave study. 

INTRODUCTION 

I 

Hydrocarbon Research, Inc. ( H R I )  has developed and commercialized ebul lated-bed 
reac to r  technology f o r  the c a t a l y t i c  hydroconversion of both coal and heavy o i l .  
The H - O i l @  Process has been commercially demonstrated i n  both s ing le -  and two- 
stage process conf igurat ions,  and the H-Coal@ Process has been successfu l ly  
scaled up through the 200 tonlday Ca t le t t sbu rg  p i l o t  p lant .  While economic con- 
d i t i o n s  have prevented the commerci a1 a p p l i c t i o n  of d i r e c t  l i q u e f a c t i o n  tech- 
nology, c o a l / o i l  co-processing has gained increas ing a t t e n t i o n  as a mre 
commercially v iab le,  nearer t e r m  way t o  in t roduce coal-derived l i q u i d  fue l s  into 
t h e  market place. HRI's COILsm Process f o r  co-processing was denonstrated on a 
bench u n i t  Scale as e a r l y  as 1974(1), and m r e  recen t l y  a two-stage process con- 
f i g u r a t i o n  was denonstrated on a Canadian feedstock combination of po ten t i a l  
commercial i n t e r e s t ( 2 ) .  I n  1985. a four-par ty  funded program was s ta r ted  t o  
f u r t h e r  develop and demns t ra te  c a t a l y t i c  c o a l / o i l  co-processing using HRI's 
ebul lated-bed reactor  technology. The program sponsors, ob jec t i ves  and elements 
a re  l i s t e d  i n  Table 1. This paper focuses on the r e s u l t s  o f  the microautoclave 
r e a c t i v i t y  screenfng program. 
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MICROAUTOCLAVE DESCRIPTION AND PROCEDURES 

With the  recent increase i n  i n t e r e s t  i n  co-processing, numerws i n v e s t i  a t o n  
have reported r e s u l t s  o f  batch reac to r  r e a c t i v i t y  s tud ies a t  various scales73-6). 
Many of these approaches tend t o  take a conventional coal l i q u e f a c t i o n  approach, 
;y character iz ing t h e  e f fec t i veness  of petroleum O i l s  as coal l i q u e f a c t i o n  

solvents". I n  coal/residuum co-processing, t h e  o i l  i s  not a process solvent as 
such, but r a t h e r  a reactant ,  and i t ' s  reactions/conversions are o f  equal - o r  
even greater, depending on s p e c i f i c  condi t ions - importance than those o f  the 
coal. The opposi te  approach t o  t h i s  i s  t o  view co-processing as an extension o f  
r e f i n i n g  technology, t r e a t i n g  the coal as an add i t i ve ,  usual ly  i n  l i m i t e d  
quanti t ies(7.8). HRI's program was set  up t o  consider a broad range o f  po ten t i a l  
appl icat ions us ing c a t a l y t i c  ebul lated-bed co-processing. The microautoclave 
experimental and a n a l y t i c a l  procedures were speci f i c a l  l y  developed t o  r e f l e c t  
t h i s ,  and are i n  many respects considerably d i f f e r e n t  than those used by other  
workers. Some d iscuss ion i s  t he re fo re  necessary t o  exp la in  the  bas is  f o r  these 
d i f ferences.  

The 20cc microautoclave reactor  used i n  these s tud ies i s  shown i n  Figure 1. 
Solvent, coal, residuum, and c a t a l y s t  are charged batchwise i n  the appropriate 
amounts p r i o r  t o  mounting the  reactor. Fo l lowing pressure-test ing, the desired 
H2 (or  N z )  pressure i s  establ ished. Due t o  the volume o f  gas l i n e s  above the 
reactor  i t s e l f ,  i t  i s  e s s e n t i a l l y  an " i n f i n i t e  source" hydrogen system, and no 
adjustment o f  ope ra t i ng  pressure due t o  temperature i s  usua l l y  required. The 
e n t i r e  assembly i s  shaken v e r t i c a l l y  w i t h  approximately one-inch strokes at 
460 rpm. with temperature con t ro l  by imnersion i n  a f l u i d i z e d  sand bath heater. 
Dual sand baths are ava i l ab le  f o r  s imulat ion o f  two-stage, close-coupled pro- 
cessing. Two i d e n t i c a l  microautoclave reactors  are always operated side-by-side. 
A co ld  t r a p  i s  prov ided t o  c o l l e c t  any l i g h t  l i q u i d s  l o s t  dur ing operat ion o r  
depressuring. 

Fol lowing each run t h e  reac t i on  i s  quenched by i nve rs ion  i n  a water bath, and 
slowly depressured. The reactors  and co ld  t raps  a re  then removed, and the 
products are combined and subjected t o  the workup procedures described i n  F igure 
2. The use o f  t he  c a t a l y s t  basket allows separat ion o f  product so l i ds  fran 
c a t a l y s t  extrudates. Ash-balancing then a1 lows c a l c u l a t i o n  o f  coal conversion. 
I f  necessary, product ashes can be checked f o r  c a t a l y s t  metals t o  d i s t i ngu ish  
coal ash from a t t r i t e d  c a t a l y s t .  TGA simulated d i s t i l l a t i o n  i s  used t o  estimate 
product residuum contents  and c a l c u l a t e  residuum conversions. For selected runs, 
solvent p r e c i p i t a t i o n  was used t o  ca l cu la te  asphaltene and preasphaltene 
components i n  the  product  residuum. although t h i s  i s  o f  l esse r  u t i l i t y  i n  co- 
processing than i n  coal l i q u e f a c t i o n  s ince petroleum residua contains very low 
l e v e l s  of inso lub les.  

As noted above, HRI's microautoclave operating procedures and condi t ions are 
s p e c i f i c a l l y  designed t o  most p roper l y  approximate the condi t ions o f  an 
ebullated-bed reac to r ,  and are i n  many cases q u i t e  d i f f e r e n t  than those 
" t y p i c a l l y "  used i n  t h e  indust ry .  Some spec i f i cs  i nc lude :  
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Cata lyst  Type and Loading - The ebullated-bed reac to r  operates w i t h  conven- 
t i o n a l  ext rudate c a t a l y s t s  a t  very high loadings (up t o  50% o f  t he  reactor  
volunre i s  occupied by ca ta l ys t ) .  Our microautoclave experiments t y p i c a l  ly  
charged a cata lyst / feedstock r a t i o  o f  1/1 t o  r e f l e c t  t h i s .  Techniques such 
as g r ind ing  o f  c a t a l y s t  are not representative. The c a t a l y s t  used t y p i c a l l y  
i s  process-presulf ided i n  a p i l o t  un i t ,  and the use o f  t he  c a t a l y s t  basket 
a l lows separat ion from reac t i on  products. Some assumptions are necessary i n  
c a l c u l a t i o n  procedures t o  account f o r  i tems such as I O M  depos i t i on  on cata- 
l y s t ,  c a t a l y s t  a t t r i t i o n ,  etc. dur ing an experiment. 

Feedstock D i l u t i o n  w i t h  D i s t i l l a t e  Products - The ebu l l a ted  bed i s  a we l l -  
mixed reactor ,  due t o  the t y p i c a l l y  h igh r a t i o  o f  i n t e r n a l  recyc le t o  f resh  
feed. As a resu l t ,  reac t i on  occurs i n  a concentation represented by the 
products. No batch reactor  can proper ly  model a CSTR from the standpoint o f  
fundamental k ine t i cs ,  so a canpranise has t o  be made. Since the i n i t i a l  
conversion react ions i n  coal l i q u e f a c t i o n  are c r i t i c a l ,  an attempt i s  made t o  
s imulate the reactor  environment i n  which they occur. Thus, microautoclave 
reac to r  charges are made up w i t h  a h igh l eve l  o f  d i s t i l l a t e  d i l uen t .  An 
attempt i s  made t o  approximate, t o  the extent  possible, the p roper t i es  o f  the 
d i s t i l l a t e  ma te r ia l s  which would be expected t o  be produced from the 
feedstocks and condi t ions of i n te res t .  The d i s t i l l a t e  so lvents  used are 
genera l ly  ma te r ia l s  produced i n  substant ia l  q u a n t i t i e s  from l a r g e r  p i l o t  
p l a n t  operations on the  feedstocks o f  i n t e r e s t .  

Product Analyses - Coal conversion t o  THF-solubles i s  ca lcu lated i n  a f a i r l y  
t y p i c a l  manner. As noted above, conversions based on s o l u b i l i t i e s  i n  o ther  
so lvents  are not considered t o  be espec ia l l y  meaningful f o r  co-processing. A 
simulated d i s t i l l a t i o n  procedure was developed us ing a Perkin-Elmer TGS-2 
Thermogravimetric Analyzer (TGA), which a1 lows est imat ion o f  975OF+ conver- 
sions. No attempt i s  made t o  generate data such as gas y i e l d s  o r  d i s t i l l a t e  
product d i s t r i b u t i o n  o r  qua l i t y .  Such data are d i f f i c u l t  t o  generate 
r e l i a b l y  on such a small scale. Even if t h i s  could be done, the r e s u l t s  
would not be meaningful f o r  scaleup due t o  the l a rge  impacts o f  the 
d i s t i l l a t e  d i l u e n t s  and the major d i f ferences between batch and continuous 
u n i t s ,  on any scale. 

SCREENING STUDY CONDITIONS 

A f i ve -po in t .  l ow- to -m i ld  seve r i t y  cond i t i on  ma t r i x  was used t o  screen each 
feedstock and combination of i n te res t ,  as shown i n  Table 2. As noted, a 4/1/1 
charge r a t i o  o f  d i s t i l l a t e  so lvent / reactant  (coal and o i l  ) / c a t a l y s t  was used. 
Sever i t i es  ranged frm 2-20 STTU, based on HRI's conversion model developed f o r  
coal conversions. It i s  recognized t h a t  the t ime/temperature re la t i onsh ips  f o r  
co-processing may not be t r u l y  represented by the STTU m d e l ,  but  i t  was used as 
a convenient way t o  express both seve r i t y  parameters. The ma t r i x  used provides a 
comparison of t h ree  residence times a t  one temperature (8OO0F), and th ree  tem- 
peratures at one residence t ime (30 minutes). A l l  s e v e r i t i e s  are lower than 
those t y p i c a l l y  encountered i n  l a r g e r  scale operations. This  serves t o  keep 
conversions low enough so t h a t  k i n e t i c  r e a c t i v i t y  d i f ferences can be proper ly  
observed. 
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FEEDSTOCK PROPERTIES 

Some proper t ies o f  t h e  fou r  coals and fou r  O i l s  s tud ied a re  l i s t e d  i n  Table 3.  
The Cold Lake feedstock was ava i l ab le  as a deep-cut A S  from previous HRI H-Oil. 
studies, wh i l e  the  o t h e r  t h r e e  o i l s  were provided as crude o i l s  and were batch 
vacuum-dis t i l led t o  approximately the same residuum content p r i o r  t o  the reac- 
t i v i t y  studies. A l l  f ou r  coals were subjected t o  standard H R I  bench u n i t  pre- 
pa ra t i on  procedures (crushing,  pu l ve r i z ing  t o  -70 mesh, d r y i n g  t o  2-10'7, moisture, 
and screening) and were f u r t h e r  vacuum d r i e d  i m d i a t e l y  p r i o r  t o  microautoclave 
test ing.  Three d i l u e n t  so lvents  were a lso used. as shown. The I l l i n o i s - d e r i v e d  
solvent was used f o r  Ohio and I l l i n o i s  bituminous coals, the Wyodak solvent f o r  
A lber ta  sub-bituminous coal and Texas l i g n i t e ,  and the Cold Lake solvent f o r  a l l  
petroleum o i l s .  Except f o r  a few so lvent-speci f ic  runs, so lvents  were blended i n  
t h e  same r a t i o s  as t h e  feedstocks f o r  each run. 

PROGRAM OUTLINE 

Over two hundred t e s t s  were conducted under the program, as noted i n  Table 4. 
The co-p,rocessing feedstock pa i r s  chosen f o r  evaluat ion were based on program 
sponsors concerns and represent meaningful canmerci a1 candidates. No work was 
done on the  I l l i n o i s  No. 6 coa l ,  since i t  was being ex tens i ve l y  s tud ied i n  HRI's 
p a r a l l e l  DOE funded coa l  l i q u e f a c t i o n  program. Most o f  the d iscuss ion t o  f o l l o w  
centers on t h e  Ohio coal/Cold Lake ASB pa i r ,  which was the most extens ive ly  
s tud ied i n  1985 ( i n c l u d i n g  both s ing le -  and two-stage process va r iab le  s tud ies i n  
t h e  continous bench u n i t ) .  This canbination has been selected by OOSFC as the 
bas is  f o r  a prototype commercial f a c i l i t y  t o  be located i n  Ohio. 

INDIV IDUAL FEEDSTOCK R E A C T I V I T I E S  

Figures 3 and 4 show STTU response curves f o r  the Ohio coal and the Cold Lake 
ASB. S im i la r  curves were generated f o r  each o f  the o the r  feedstocks. I n  order 
t o  provide a q u a n t i t a t i v e  r e a c t i v i t y  ranking, k i n e t i c  r a t e  constants were back- 
ca lcu lated from the data assuming various batch reac to r  models. For the o i l s  
alone, a second o rde r  f i t  was found t o  be the most sa t i s fac to ry ,  as shown i n  
F igure 5. While i t  i s  u n l i k e l y  t h a t  the conversion react ions are t r u l y  second 
order, i n  t h e  sense o f  being bimolecular, such a model f i t  i s  not unusual i n  
systems o f  t h i s  type, where the " reactant"  i s  not a s ing le  component but  r a t h e r  a 
range o f  components w i t h  d i f f e r e n t  r e a c t i v i t i e s .  For the  coals, a m r e  complex 
model would be requi red t o  separate the  e f fec ts  o f  coal conversion t o  
THF-solubles. t he  f r a c t i o n  of converted coal which f o n s  975OF+ residuum, and the 
k i n e t i c s  of conversion o f  the residuum. Real iz ing these def ic ienc ies,  t he  coal 
data were f o r c e - f i t  t o  the same s i m p l i f i e d  second order  9750Ft conversion model 
so t h a t  a d i r e c t  comparison o f  o i l s ,  coals, and co-processing pai rs  could be 
made. These r e s u l t s  are shown i n  Table 5. As expected. the o i l s  are con- 
s iderably  more r e a c t i v e  t o  t o t a l  975'Ft conversion a t  low s e v e r i t i e s  than the 
coals. It i s  notable t h a t  the co-processing pai rs  do not necessar i ly  f a l l  i n  
e i t h e r  t h e  order  o r  magnitude which would be expected fran the i nd i v idua l  
feedstocks, i n d i c a t i n g  t h a t  syne rg i s t i c  i n te rac t i ons  do occur. It i s  also 
notable t h a t  the feedstock p a i r  (Ohio/Cold Lake) s tud ied most extens ive ly  i n  the 
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program does no t  represent the "best" choice based on r e a c t i v i t i e s ,  but was cho- 
sen based on cannercia1 considerattons. 

O H I O  COAL/COLD LAKE ASB CO-PROCESSING 

Figure 6 shows the  r e a c t i v i t y  curves f o r  a 50/50 blend of Ohio coal and Cold Lake 
ASB. The drop o f f  i n  975'F+ conversion a t  20 STTU may be i n d i c a t i v e  o f  some 
regressive reac t i on  due t o  poor so lvent  q u a l i t y ,  as t h i s  i s  the highest 
temperature p o i n t  (825OF) i n  t he  g r id .  The STTU a x i s  has been extended t o  
i nc lude  a p o i n t  a t  a t y p i c a l  bench u n i t  operat ing sever i ty .  It i s  notable t h a t  
t he re  was no problem i n  achieving h igh (90% p l u s )  coal conversion t o  TW 
solubles. This was t r u e  o f  a l l  the pa i r s  studied, i n d i c a t i n g  t h a t  t h e  i nhe ren t l y  
poor hydrogen donor p roper t i es  o f  the petroleum o i l s  can be oveccme by 
c a t a l y t i c ,  ebul lated-bed co-processing. 

F igure 7 shows the  e f f e c t  o f  coal t o  o i l  r a t i o  on conversions i n  a low seve r i t y  
t e s t  (10 STTU). As expected, the THF conversion increases as the coal con- 
cen t ra t i on  increases, s ince  a h igher  percentage o f  the so lvent  i s  then coal -  
der ived as wel l .  The 975'F+ conversion response i s  f a r  l e s s  explainable. The 
ind i v idua l  feedstock p o i n t s  a t  0 and loo$ are  connected, t o  represent expected 
conversions based on s t r i c t  l i n e a r  averaging. A t  coal concentrat ions up t o  5 0 2 ,  
conversions near o r  above t h i s  l i n e  occur, i n d i c a t i n g  a p o s i t i v e  synergy. 
Surpr is ing ly ,  a t  coal concentrat ions o f  67-758, a l a rge  negat ive i n t e r a c t i o n  
occurs, and 975OF+ conversions are a c t u a l l y  lower than those f o r  coal alone. 
Each o f  these p o i n t s  was found t o  be reproducible. The most l i k e l y  explanat ion 
f o r  t h i s  phenomenon i s  t h a t  the presence o f  the petroleum o i l s  s u f f i c i e n t l y  
reduces the  so lvent  q u a l i t y  i n  t h i s  range t o  cause a l a rge  drop i n  t h e  conversion 
o f  t he  coal residua. A t  t he  lower coal concentrat ions. t h i s  e f f e c t  i s  o f f s e t  by 
t h e  improved conversions o f  the petroleum residua. I n t e r e s t i n g l y ,  t h i s  e f fect  
shows i t s e l f  on l y  i n  the 97S°F+ conversions and not i n  the THF conversions. It 
should be noted here t h a t  c o a l / o i l  r a t i o  s tud ies wi th o the r  feedstock pai rs  do 
not show t h i s  same negat ive behavior ( a t  l e a s t  not t o  t h i s  extent ) ,  but i n  a l l  
cases t h e  response i s  non-l inear. 

Since t h i s  t r e n d  was i n t e r e s t i n g  and unexpected, i t  was decided t o  repeat the  
c o a l / o i l  r a t i o  s tud ies a t  a h igher  sever i ty ,  t y p i c a l  o f  bench u n i t  process con- 
d i t i o n s .  This was done t o  co inc ide w i t h  the s ing le-s tage bench mn. which pro- 
vided comparative r e s u l t s  i n  the  single-stage, i n teg ra ted  bench u n i t  a t  33, 50 
and 67% coal. These r e s u l t s  are shown i n  F igure 8. Note t h a t  t he  c m p l e x  r a t i o  
response curve f o r  975'F+ conversion has been reproduced, although the  extent  o f  
t h e  negative dev ia t i ons  a t  67-75% coal are reduced. The bench u n i t  data, a t  33 
and 50% coal, prov ide exce l l en t  agreement w i t h  the microautoclave data. The 
bench data a t  67% coal  do show some negative effect, a l thought  not as pronounced 
as i n  the  microautoclave. One key d i f f e rence  i s  t h a t  each bench data po in t  
represents several days o f  continuous, i n teg ra ted  operat ion w i t h  so lvent  q u a l i t y  
e q u i l i b r a t i o n .  wh i l e  microautoclave so lvents  a re  a r t i f i c i a l l y  cmposi ted.  It 
should a lso be noted t h a t  t he  t i e  po in ts  a t  0 and 1OG% coal were not detemined 
on t h e  bench u n i t ,  so t h a t  the extent  o f  pos i t i ve /nega t i ve  synergy may not be 
d i r e c t l y  comparable. The 50% coal case has been shown t o  be economical ly pre- 
f e r red  t several s e v e r i t i e s  a t  l eas t  i n  pa r t  due t o  syne rg i s t i c  r e a c t i v i t y  
e f fects  3 9 )  
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CONCLUSIONS 

HRI's microautoclave has been shown t o  be an e f f e c t i v e  t o o l  f o r  comparing reac- 
t i v j t i e s  o f  coals, o i l s ,  and combinations f o r  c a t a l y t i c  c o a l / o i l  co-processing. 
Speci f ic  improvements i n  experimental and a n a l y t i c a l  procedures were implemented 
t o  expand t h e  u t i l i t y  of t he  microautoclave from coal l i q u e f a c t i o n  i n t o  o i l  and 
co-processing. Data generated on the Ohio coal/Cold Lake ASB combination l e d  t o  
some unexpected resu l t s ,  which were l a t e r  confirmed by continuous bench u n i t  
studies. 
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I 

TABLE 1 

SPONSORS: E l e c t r i c  Power Research I n s t i t u t e  (EPRI) 
Ontar io -Oh io  S y n t h e t i c  Fue ls  C o r p o r a t i o n ,  L td .  (OOSFC) 
A1 b e r t a  Research Counci 1 (ARC) 
D y n a l e c t r o n  Corpora t ion /HRI  

OBJECTIVES: 

1. Produce i n c r e m e n t a l  l i q u i d  f u e l s  fran coa l  ( i n c l u d i n g  c l e a n  power p l a n t  

2. Upgrade ( d e s u l f u r i z e ,  d e m e t a l l i z e )  p o o r  q u a l i t y  res iduum f u e l s .  

3. 

f u e l  s ) . 

U t i l i z e  c h e m i c a l l y  combined hydrogen f r o m  res iduum t o  produce i n c r e m e n t a l  
l i q u i d  f u e l s  f rom c o a l .  

ELEMENTS ( L a b o r a t o r y )  : Feedstock C h a r a c t e r i z a t i o n  (ARC/HRI) 
M i c r o a u t o c l a v e  R e a c t i v i t y  Screen ing  (HRI) 
Batch  Autoc lave  Screen ing  (ARC) 
Cont inuous  Bench U n i t  O p e r a t i o n s  (HRI) 

TABLE 2 

MICROAUTOCLAVE STANDARD C O N D I T I O 6  
REACTIVITY SCREENIN6 TESTS 

I 8 gms s o l v e n t  Time, Temperature - V a r i a b l e  
2 gms r e a c t a n t  ( c o a l  p l u s  o i l )  2 gms p r e t r e a t e d  c a t a l y s t  (when used)  
2000 p s i g  hydrogen 

I Standard S o l v e n t  - H-Coal@/H-Oil@ d i s t i l l a t e s  
I S o l v e n t s  b lended i n  same r a t i o  as feeds tocks  

I 1 STTU = 1 m i n u t e  a t  84OOF 
S e v e r i t y  - Standard Time Temperature U n i t s  

S e v e r i t y  M a t r i x  

9 

Temperature, O F  Time M i n u t e s  
7 50 + F  
800 15 5 
800 30 10 
800 45 15 
825 30 20 
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FIGURE 1 
MICROAUTOCLAVE REACTOR 

C a t a l y s t  
Charge 
Basket  

MECHANICAL DESIGN 

e 20cc I n t e r n a l  Volume 
e Maximum I n l e t  Hydrogen P r e s s u r e  3000 pst  
e Opera t ions  t o  L i q u e f a c t i o n  Temperature 
e Thermal and Gas I n l e t  C o u p l i n g  
e 347ss M a t e r i a l  o f  C o n s t r u c t i o n  
e E x t e r n a l  Cap Threads 
e Reactor  Cap Redesign 
e Co ld  Traps 
0 C a t a l y s t  Basket  
0 U t i l i z e s  Whole E x t r u d a t e  C a t a l y s t  

TESTING CAPABILITIES 

e Thermal Tes ts  V a r y i n g  Charge. 
feed R a t t o s .  Temperature, T ime 

e C a t a l y t i c  T e s t s  V a r y i n g  Charge, 
Feed R a t i o s ,  Temperature, Time 

PRODUCT WORKUP PROCEDURES 

MASH REACTW 

C 4 l A L Y S T  BASKET 

F I L T E U  

F I L T R A T E  

ROTO-EVAPOR 
THF " 

O I L  - - - - - - - 
C A L C U L 4 l E  

COAL CONYEUSION 

1 ( O P T I O M L )  

CALC U T E  I 
975'F'  CONVERSION 

ASPHALTENES. P R E I S P W L T E N E S  

FIGURE 2 
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FIGURE 3 

CATALYTIC REACTIVITY OF OHIO NO. 5/6 COAL 

FIGURE 4 

CATALYTIC REACTIVITY OF COLO LAKE AS6 
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FIGURE 7 

CATALYTIC CO-PROCESSINS OF OHIO NO. 5/6 COAL AND COLD LAKE ASB 
EFFECT OF COAL CONCENTRATION 

(SEVERITY: 10 SrrU) 
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FIGURE 8 

CATALYTIC CO-PROCESSING OF OHIO NO. 5/6 COAL AND COLD LAKE ASB 
EFFECT OF COAL COWCENTRATION 

(BEWCH RUN SEVERITY) 
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SINGLE-STAGE SLURRY CATALYZED CO-PROCESSING 

John G. Gatsis 

Signal  Research Center I n c  
Box 5016 

Des Plaines, I l l i n o i s  60017-5016 

INTRODUCTION 

UOP Inc. and the  Signal  Research Center a re  c u r r e n t l y  engaged i n  a Department 
o f  Energy (DOE) sponsored program t o  determine i f  a s l u r r y  catalyzed, s ingle-stage 
process invo lv ing  the  simultaneous conversion o f  coal and petroleum r e s i d  o f f e r s  the  
po ten t i a l  f o r  improved economics. 

The program has been s t ruc tu red  t o  accomplish the  ove ra l l  ob jec t i ves  o f  
evaluat ing the technical  f e a s i b i l i t y  and es tab l i sh ing  a process data base on the  Co- 
processing concept. Spec i f i c  ob jec t ives  inc lude the  establishment o f  ove ra l l  
c r i t e r i a  f o r  the  se lec t i on  o f  coal  type and petroleum charac ter is t i cs ,  eva lua t ion  o f  
process performance, and t h e  cos t  es t imat ion  o f  a conceptual commercial f a c i l i t y .  

r e s u l t s  from the  continuous bench-scale u n i t  c u r r e n t l y  i n  operation. 
This paper reviews r e s u l t s  from the  f i r s t  phase o f  t he  program and e a r l y  

PROPOSED PROCESS CONCEPT 

UOP Inc. and the  Signal  Research Center began development o f  the  res id /coa l  Co- 
processing concept i n  1970 and were issued a key patent i n  t h i s  area i n  1972 (1). 
The in fo rmat ion  gained i n  t h i s  work p lus  the  much longer and more extensive 
experience i n  petroleum r e s i d  upgrading and coal  conversion were used t o  formulate a 
s l u r r y  catalyzed, s ingle-stage process f o r  t he  simultaneous conversion o f  coal and 
petroleum resid.  This Co-processing process u t i l i z e s  an act ive,  wel l -d ispersed 
ca ta l ys t  and operates a t  r e l a t i v e l y  low temperatures. 
conversion without c rack ing  o f  r e s i d  and coal  t o  l i g h t  gases, and minimizes thermal 
degradation reactions. 

Th is  al lows h igh  coa l  

FEEDSTOCK SELECTION 

S i x  vacuum resids,  th ree  bituminous coa ls  and one subbituminous coal were 

The vacuum res ids  were selected based on t h e i r  commercial importance (ava i l -  

selected f o r  study. 

a b i l i t y )  and t o  provide a wide range o f  chemical and phys ica l  propert ies.  These 
res ids  were vacuum f rac t i ona ted  t o  510°C a t  t he  5 vol-% p o i n t  so t h a t  a l l  would have 
s i m i l a r  b o i l i n g  ranges, thus e l im ina t i ng  any process va r ia t i ons  due t o  d i f f e r e n t  
amounts o f  vacuum gas o i l  (VGO) i n  the  feedstock. 

re la t i onsh ip  o f  A P I  g r a v i t y  w i t h  respect t o  hydrogen, C7 inso lub les  and carbon 
residue content. 
hydrogen content decreases w i t h  decreasing A P I  g rav i t y .  

o ther  studies. The p roper t i es  are shown i n  Table 2. The Wyodak Coal as received 
(C4.1) has a moisture content o f  14.7 wt-%. 
moisture content o f  1.78 w t - %  (C4.2). 

The chemical and phys ica l  p roper t ies  are shown i n  Table 1. Figure 1 shows the  

The contaminants (C7 inso lub les  and carbon residue) increase and 

The coal samples were selected p r i m a r i l y  because o f  t h e i r  use as references i n  

It was d r i e d  i n  the  l abo ra to ry  t o  a 
I 
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CATALYST COMPARISON STUDY 

The premise o f  t h i s  work invo lves the concept t h a t  an a c t i v e  slurry c a t a l y s t  
w i l l  e f f i c i e n t l y  promote and e f f e c t  the necessary d i s s o l u t i o n  and upgrading 
reactions as compared w i t h  a l ess  ac t i ve  c a t a l y s t  o r  a non-cata ly t ic  process. and 
thus maximize coal conversion and upgrading of the petroleum r e s i d  t o  produce a high 
q u a l i t y  syncrude. 

Disposable, iron-based s l u r r y  cata lysts ,  whose a c t i v i t i e s  have been reported as 
being much lower than t h a t  o f  o ther  metal s l u r r y  ca ta l ys ts  (2). have been shown t o  
provide bene f i c ia l  c a t a l y t i c  e f f e c t s  i n  the upgrading o f  coal and coal / res id  
mixtures (3,4). An iron-based s l u r r y  c a t a l y s t  was tes ted  t o  es tab l i sh  a comparison 
w i t h  the ac t i ve  UOP s l u r r y  cata lyst .  The iron-based disposable c a t a l y s t  selected 
was a porous i r o n  ox ide (Fe2O3) f r o m  Kerr-McGee (5). A run  was also made wi thout  
cata lyst .  

stocks. The t e s t s  were conducted i n  an 1800 cc rocker  autoclave. 
procedure have been described i n  previous work (6). The operat ing condi t ions are 
shown below: 

Lloydminster vacuum r e s i d  (R4) and I l l i n o i s  No. 6 coal ( C I )  were used as feed- 
The equipment and 

Resid/Coal Rat io  2 
Pressure, psi! 3000 
Temperature, C Base 
Residence Time,  hrs  2 

The iron-based c a t a l y s t  was tested a t  twice the c a t a l y s t  concentrat ion of the UOP 
s l u r r y  ca ta l ys t  t o  compensate f o r  i t s  lower an t i c ipa ted  a c t i v i t y  w i t h  respect t o  the 
ac t i ve  UOP s l u r r y  c a t a l y s t .  

add i t i on  o f  e i t h e r  c a t a l y s t  resu l ted  i n  dramatic increases i n  coal conversion and 
heptane insolub le conversion but had l i t t l e  e f f e c t  on the  n o n - d i s t i l l a b l e  con- 
version. 
o f  cata lyst  was 66.6 w t - %  and 21.3 wt-%. respect ive ly .  The coal conversion and 
heptane inso lub le  conversion increased t o  80.5 w t - %  and 63.9 w t - %  w i t h  the  i r o n  
ca ta l ys t  and increased f u r t h e r  w i t h  the  UOP c a t a l y s t  t o  92.2 w t - %  and 81.3 wt-%, 
respectively. 
f o r  these three tests .  

ove ra l l  performance was i n f e r i o r  t o  the UOP s l u r r y  ca ta l ys t .  The d i f ferences 
between these two c a t a l y s t s  becomes even more apparent when hydrogen consumption and 
product q u a l i t y  are a l s o  included as p a r t  o f  the evaluation. The product proper t ies 
of the t o t a l  l i q u i d  product  f o r  each c a t a l y s t  system tested are surmnarized i n  
Table 4. 

Systems tested. The hydrogen consumption w i t h  the UOP s l u r r y  c a t a l y s t  was 2.66 
&-%. compared t o  1.84 wt -% and 1.68 w t - %  using no c a t a l y s t  and the i r o n  cata lyst ,  
respectively. This h igher  hydrogen consumption y i e l d s  a l i q u i d  product w i th  the 
highest A P I  g rav i t y ,  h ighest  hydrogen content and the lowest heptane inso lub le  con- 
tent .  The higher A P I  g r a v i t y  product i s  important because although the  product has 
the same b o i l i n g  range as products derived from no c a t a l y s t  and i r o n  ca ta l ys t ,  it i s  
less aromatic and more l i k e  petroleum f rac t i ons .  Also, the lower heptane insolub le 
content means t h a t  t h e  mater ia l  would have a lower tendency t o  poison o r  fou l  con- 
ventional r e f i n e r y  upgrading cata lysts ,  thus making i t  more economically a t t r a c t i v e  
t o  upgrade. 

The r e s u l t s  o f  t h i s  c a t a l y s t  comparison study are summarized i n  Table 3. The 

The coal conversion and heptane inso lub le  conversion wi thout  the add i t i on  

The n o n - d i s t i l l a b l e  conversion (510"C+) ranged from 69.3 t o  73.6 wt.% 

Although the i r o n  oxide c a t a l y s t  demonstrated some bene f i c ia l  e f fec ts ,  i t s  

The UOP s l u r r y  c a t a l y s t  has the best hydrogenation c a p a b i l i t i e s  o f  the three 

I 

' I  
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COAL/RESID REACTIVITY EVALUATION 

The r e a c t i v i t i e s  o f  d i f f e r e n t  coa l / res id  combinations were evaluated. A l l  t he  
vacuum res ids  were tes ted  w i t h  one coa l  ( I l l i n o i s  No. 6, C 1 )  and a l l  t he  coa ls  were 
tes ted  w i th  one r e s i d  (Lloydminster. R4). The subbituminous coal  (Wyodak) was 
tes ted  as received (14.7 w t - %  moisture content, C4.1) and a lso  d r ied  (1.78 w t - %  
moisture content, C4.2). The t e s t s  were made a t  t he  operat ing cond i t ions  s ta ted  
above w i t h  the  UOP s l u r r y  ca ta lys t .  

versions ranged from 87.9 t o  92.5 wt-%. 
w i th  increasing API g rav i ty .  
followed a s i m i l a r  trend. 

The three 
bituminous and the  d r ied  subbituminous (1.78 w t - %  moisture content)  coals showed no 
p a r t i c u l a r  trends. MAF coal  conversion and heptane inso lub le  conversion f o r  each 
coal were s im i la r .  The subbituminous coal  as received (14.7 w t - %  moisture content) ,  
gave lower coal  conversion (78.3 vs 90.3 w t - %  f o r  d r i e d  Wyodak) and lower heptane 
inso lub le  conversion (64.5 vs 78.8 w t - %  f o r  d r i e d  Wyodak). 

Resid r e a c t i v i t y  screening r e s u l t s  a re  summarized i n  F igure  2. Coal con- 
Hydrogen consumption genera l l y  decreased 

The heptane inso lub le  and n o n - d i s t i l l a b l e  conversions 

Coal r e a c t i v i t y  screening r e s u l t s  are summarized i n  Figures 3 and 4. 

CONTINUOUS BENCH-SCALE OPERATIONS 

The ob jec t ives  o f  the  continuous bench-scale operat ions a re  to: 1) prove the  
process concept, 2) d i r e c t  i t s  development toward the  goals o f  achieving maximum 
coal concentrat ion i n  the  res id /coa l  feed and producing the  grea tes t  d i s t i l l a t e  
y ie ld ,  and 3) es tab l i sh  a f i r m  experimental bas is  on which t o  evaluate a conceptual 
commercial f a c i l i t y .  
and t h i r d  object ives.  

feed ( f i n e l y  ground coal, petroleum r e s i d  and ca ta l ys t )  is combined w i t h  hydrogen- 
r i c h  recyc le  gas and i s  then preheated before i t  enters  the  bottom o f  the  upf low 
reactor.  
a t  the  h igh  pressure separator. The gas stream from the  h igh  pressure separator i s  
combined w i t h  make-up hydrogen before being recycled back t o  t h e  incoming f resh  
feed. 
the  l i g h t e r  hydrocarbons are separated from the  heavier f rac t i on .  
hydrocarbon stream i s  separated f u r t h e r  i n  the  debutanizer i n t o  C4 minus and C4 p lus  
products. 
f rac t i ona to r  t o  ob ta in  appropr iate f rac t ions .  

A temperature and space v e l o c i t y  survey was conducted processing I l l i n o i s  No. 6 
coal (C1.2) and a commercially f rac t ionated  Lloydminster r e s i d  (RE) w i t h  t h e  UOP 
s l u r r y  ca ta lys t .  The commercially f rac t i ona ted  Lloydminster r e s i d  i s  l i g h t e r  than 
the  Lloydminster (R4) used i n  t h e  autoclave studies,  con ta in ing  15 vol-% more 510°C 
minus mater ia l .  
Three temperatures and th ree  space v e l o c i t i e s  were run. 

The e a r l y  work repor ted  here has been d i rec ted  a t  t h e  f i r s t  

A s i m p l i f i e d  block diagram o f  t he  p i l o t  p lan t  i s  shown i n  Figure 5. The s l u r r y  

The products from the  reac tor  a re  then separated i n t o  a gas and o i l  stream 

The o i l  stream from the  high pressure separator i s  sent t o  a s t r i p p e r  where 
The l i g h t e r  

The heavier hydrocarbon stream from the  s t r i p p e r  is sent t o  a vacuum 

The t e s t s  were made a t  t he  opera t ing  cond i t ions  s ta ted  below. 

1 

, Operatinq Conditions 
> 

Resid R8, Lloydminster Vacuum Bottoms 
Coal C1.2. I l l i n o i s  No. 6 
Resid/Coal Rat io  2 
Pressure, psi! 3000 
Temperature, C Varied 
WHSV, G/Hr/cc Varied 

I 
The e f f e c t s  o f  temperature on product d i s t r i b u t i o n  and conversions are shown i n  

Table 5. The product d i s t r i b u t i o n s  g i ve  the  expected trends, an increase of l i g h t e r  i 183 



f rac t ions  and a decrease o f  heavier f r a c t i o n s  w i t h  inc reas ing  temperature. 
conversion and heptane inso lub le  conversion exh ib i t ed  an i n t e r e s t i n g  t rend  i n  t h e  
h igher  temperature range. A t  t h e  lowest temperature, 83.0 w t - %  o f  t he  MAF coal  was 
converted. Coal conversion increased t o  91.8 w t - %  a t  t h e  mid-temperature, and then 
decreased s l i g h t l y  to  90.7 w t - %  a t  the  h ighes t  temperature. Heptane inso lub le  con- 
version behaved s i m i l a r l y ,  increasing from 72.8 wt -% a t  t he  lowest temperature t o  
82.2 wt-% a t  the mid-temperature, then decreasing t o  72.5 w t - %  a t  the  h ighes t  
temperature. The f a c t  t h a t  bo th  coal conversion and heptane inso lub le  conversion 
decreased a t  the h ighes t  temperature suggests t h a t  t he  h ighes t  temperature i s  t o o  
severe. r e s u l t i n g  i n  thermal degradation react ions.  
c a t a l y t i c  e f f e c t s  predominate over thermal e f fec ts .  

The e f fec ts  o f  residence t i m e  on product d i s t r i b u t i o n  and conversion are shown 
i n  Table 6. 
decrease o f  heavier f r a c t i o n s  w i t h  longer residence time. However, coal  conversion 
and heptane inso lub le  conversion show adverse responses t o  the  longest residence 
time. A t  1.01 WHSV (g/hr/cc reac tor  volume), 86.8 w t - %  o f  the  MAF coal  was con- 
verted. Coal conversion increased t o  91.8 w t - %  a t  0.78 WHSV, and then decreased 
s l i g h t l y  t o  90.5 wt-% a t  the  0.62 WHSV. 
s i m i l a r l y  , increas ing  from 75.7 w t - %  a t  1.01 WHSV t o  82.2 w t - %  a t  0.78 WHSV, then 
decreasing s i g n i f i c a n t l y  t o  69.9 w t - %  a t  0.62 WHSV. Analogous t o  the  h igh  tempera- 
t u r e  experiment, bo th  decreased coal conversion and decreased heptane inso lub le  
conversion a t  t he  lowest space v e l o c i t y  suggest t h a t  t oo  severe an operat ing con- 
d i t i o n ,  i n  t h i s  case residence time, i s  r e s u l t i n g  i n  thermal degradation react ions.  

Coal 

A t  lower temperatures, 

The product d i s t r i b u t i o n s  show an increase o f  l i g h t e r  f rac t i ons  and a 

Heptane inso lub le  conversion behaved 

CONCLUSIONS 

The single-stage, s lu r ry -ca ta lyzed Co-processing concept was success fu l l y  
demonstrated i n  l abo ra to ry  batch experiments. The a c t i v e  UOP c a t a l y s t  gave h igh  
coal  conversion and h igh  conversion t o  l i q u i d  product a t  r e l a t i v e l y  low temperature 
and, as a resu l t ,  thermal degradation reac t ions  and cracking o f  res id -  and coal-  
derived l i q u i d  t o  l i g h t  gases were minimized. The l i q u i d  hydrocarbon product i s  o f  
h igh  qua l i t y  and can be e f f i c i e n t l y  u t i l i z e d  as a feedstock i n  e x i s t i n g  re f i ne r ies .  

batch experiments, s a t i s f y i n g  t h e  proof-of-concept ob jec t ive .  I n  addi t ion,  da ta  
generated t o  date i n i t i a t e  a f i r m  experimental bas is  on which t o  evaluate a con- 
ceptual commercial f a c i l i t y .  These da ta  show t h a t  t he  Co-processing process i s  
sens i t i ve  t o  h igh  seve r i t y  cond i t ions  (temperature, residence time). 
version and h igh  conversion t o  high q u a l i t y  l i q u i d  product can be achieved by 
operat ing a t  r e l a t i v e l y  m i l d  cond i t ions  where thermal degradat ion reac t ions  are  
minimized. 

The continuous bench-scale operat ion gave s i m i l a r  performance t o  the  labora tory  

High coal  con- 
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TABLE 1 

U.S. Alaskan 
Mid- North 

Continent Kuwait Slope Lloydminster Hondo Maya Lloydminster 
Resid Name (Rl) (R2) (R3) (R4) (R5) (R6) (R8) 

Total Sample 

A P I  Grav i ty  
Speci f ic  Grav i ty  

0- 1160, " C  
IBP, V O ~ - %  
5 
10 
20 
30 
EP 
Overhead, vol-% 

Analysis, w t -% 
Carbon 
Hydrogen 
Oxygen 
Sul fur  
Nitrogen 
Carbon Residue 
Petroleum Ash 
C7 Insolubles 

Nickel, ppm 
Vanadium, ppm 
Iron, ppm 

Molecular Weight 
Furol Visc., 

sec (121°C) 
pour Point. "C 
Salt,  lb/1000 bbls  

12.70 
0.9813 

473.0 
510.0 
525.0 
546.0 
,568.0 
568.0 
30.0 

87.30 
10.25 
0.30 
1.0 
0.45 
16.50 
0.030 
8.29 

35.0 
113.0 
62.0 

839.0 

755.0 
38.00 
2.90 

7.90 8.90 
1.0151 1.0078 

472.0 422.0 
505.0 494.0 
517.0 515.0 
542.0 541.0 

556.0 550.0 
26.0 24.0 

84.15 84.10 
10.55 10.85 
0.35 0.27 
4.9 2.3 
0.35 0.55 
18.00 17.30 
0.020 0.020 
5.95 4.80 

28.0 38.0 
100.0 79.0 
4.5 2.0 

1054.0 810.0 

1016.0 1295.0 ~~ ~~ 

38.00 32.00 
3.50 1.20 

3.60 
1.0474 

406.0 
509.0 

509.0 
6.0 

82.70 
10.15 
0.29 
5.6 
0.62 
22.20 
0.090 
18.10 

122.0 
278.0 
82.0 

1444.0 

1921.0 
91.00 
3.30 

3.70 2.80 
1.0466 1.0536 

478.0 452.0 
512.0 515.0 
524.0 532.0 - 

- 
524.0 532.0 
10.0 10.0 

81.20 83.90 
10.10 9.15 
0.36 0.48 
6.6 4.9 
1.10 0.71 
19.90 26.10 
0.110 0.126 
17.80 22.40 

157.0 116.0 
435.0 595.0 
42.0 29.0 

1125.0 1015.0 

1126.0 2217.0 
79.00 91.00 
4.00 20.70 

6.50 
1.0254 

369 2 0 
432.0 
463.0 
505.0 

523.0 
26.5 

- 

83.70 
10.00 

5.1 
0.48 
17.30 
0.051 
13.91 

83.0 
165.0 
3.6 

255.0 

266.1 
120.0 
5.2 

- 
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TABLE 2 

Coal Analyses 

I 1  1 i noi  s 
No. 6 

Coal Name 0 
Ult imate Analysis, w t - %  

Ash 9.65 
Carbon 68.60 
Hydrogen 4.51 
Nitrogen 1.39 
Sul fur  3.04 
Oxygen* 9.66 

Proximate Analysis, w t - %  
Moisture 3.15 
Ash 9.65 
V o l a t i l e  Matter 39.95 
Fixed Carbon 47.25 

*Difference 

Operating Condit ions 
Cata lyst  Type 
Concentrat ion 

Kentucky Indiana Wyodak Wyodak I l l i n o i s  
No. 9 No. V (As-Received) (Dried) No. 6 
(C2) (C3) (C4.1) IC4.2) (C1.2) 

' I  

8.68 8.12 10.30 12.00 10.56 
71.95 69.70 54.70 63.01 68.77 
4.78 5.40 3.83 4.50 4.84 
1.54 1.42 0.69 0.90 1.37 
2.97 4.28 0.99 1.08 3.34 
8.53 9.37 14.79 16.73 7.03 

1.55 1.71 14.70 1.78 4.09 
8.68 8.12 10.30 12.00 10.56 
42.35 48.25 37.00 42.60 39.90 
47.42 41.92 38.00 43.62 45.45 

TABLE 3 

Cata lyst  Comparison Study 

None Fe 0 UOP Cata lyst  
0 2 dase Base 

Performance 
Conversions, w t - %  

Coal 66.6 80.5 92.2 
Heptane insolub les 21.3 63.9 81.3 
Non-di s t  i 1 1 ables (510"C+) 69.3 73.6 72.1 

Hydrogen Consumption, w t - %  1.84 1.68 2.66 
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TABLE 4 

Catalyst Comparison Study 
Total Liquid Product Properties 

Catalyst Type 
API Gravity at 15.6"C 
Specific Gravity 
Carbon, wt-% 
Hydrogen, wt-% 
Oxygen, wt-% 
Sulfur, wt-% 
Nitrogen, wt-% 

Heptane Insolubles, wt-% 
Carbon Residue, wt-% 
Vanadium and Nickel, wt-ppm 

*Estimated 

Ash, wt-% 

None 
9.3 
1.0050 
85.15 
10.05 
1.00 
2.75 
0.60 
0.005 
37.03 
14.6 
19 

Fe203 
8.5 
1.0107 
84.40 
9.6* 

2.30 
0.90 
<0.001 
14.52 
16.5 
9 

- 

UOP Catalyst 
13.3 
0.9772 
85.50 
10.30 
1.23 
2.10 
0.73 
0.003 
7.37 
15.1 
23 

TABLE 5 

Continuous Bench-Scale Operations 

Effect of Temperature 

Temperature, "C Base - 7 Base + 6 Base + 11 
WHSV, G/hr/cc 0.81 0.78 0.79 

Product Distribution 
Hetero Gases + H 0, wt-% 7.3 8.9 6.7 

C - 371"C, wt-% 26.1 38.0 42.6 
351 - 510"C, wt-% 47.1 40.1 39.2 
510°C + 13.7 10.1 7.0 

Total, wt-% 102.2 102.6 102.4 

Hcp. Gas C4-, w2-% 1.9 2.5 3.7 

MAF Coal 6.1 3.0 3.2 

Conversions 
Coal, wt-% MAF Coal 
C7 Insolubles, wt-% 
51OoC+, wt-% 
371"C+, Wt-% 

83.0 91.8 90.7 
72.8 82.2 72.5 
49.2 64.2 65.7 
25.9 40.1 42.0 

H2 Consumption, wt-% 2.16 2.58 2.45 
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TABLE 6 

Temperature 
WHSV, G/hr/cc 

Continuous Bench-Scale Operations 

E f f e c t  o f  Residence Time 

Base + 4 
0.62 

Product D i s t r i b u t i o n  
Hetero Gases + HvO, w t - %  6.3 
Hcbn. Gas C4-, w t -% 3.1 
C - 371"C, w t - %  42.0 

510°C + 4.1 
391 - 510°C, w t - %  43.4 

MAF Coal 
Total ,  w t - %  

3.3 
102.2 

Conversion 
Coal, w t - %  MAF Coal 90.5 
C Insolubles,  w t - %  69.9 
51OoC+, w t - %  67.7 
371"C+, w t - %  38.7 

H2 Consumption, w t - %  2.19 

Base + 6 
0.78 

8.9 
2.5 

38.0 
40.1 
10.1 

102.6 
3.0 

91.8 
82.2 
64.2 
40.1 

2.58 

Base +5 
1.01 

8.4 
2.3 

31.1 
41.9 
13.9 

102.3 
4.7 

86.8 
75.7 
56.8 
33.2 

2.29 



FIGURE 1 

VACUUM RESID FEEDSTOCKS 
COMWsmoN 

FIGURE 2 

RESID REACTIVITY SCREENING 
(ILUNOIS COAL NO. 6) 

189 



FIGURE 3 

COAL REACTIVITY SCREENING 
(UOVDMINSTER RESID) 
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FIGURE 4 

COAL REACTlVlTV SCREENING 
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FIGURE 5 

PILOT PLANT FLOW SCHEME 
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INTRODUCTION 

Coprocessing heavy o i l s ,  bitumens or petroleum r e s i d u e s  with c o a l  
can be  considered as a b r idge  between coa l  l i q u e f a c t i o n  and 
hydrocracking. 
hydrocracking can be appl ied  with modi f ica t ion  t o  coprocessing. 
terms o f  o p e r a t i o n ,  coprocessing is less complicated than l i q u e f a c t i o n  
because recylce so lven t  is  e l imina ted .  S ince  t h e  coprocess ing  so lven t  
is upgraded s imul taneous ly  w i t h  c o a l  t h e  r e a c t o r  volume is u t i l i z e d  
more e f f e c t i v e l y .  
are as high a s  those i n  hydrocracking then coprocessing a l s o  o f f e r s  a 
s i g n i f i c a n t  sav ing  i n  feeds tock  c o s t s  by s u b s t i t u t i n g  a s i g n i f i c a n t  
por t ion  o f  t h e  heavy o i l  with less expensive coa l .  

The e x i s t i n g  technologies  o f  l i q u e f a c t i o n  and 
In  

I f  residuum convers ion  l e v e l s  during coprocess ing  

CANMEl coprocess ing  invo lves  t h e  simultaneous upgrading of c o a l  
and heavy o i l  or bitumen i n  a once-through mode o f  opera t ion  us ing  a 
d isposable  i r o n  c a t a l y s t .  
impregnated with i r o n  s u l p h a t e ) ,  h e r e i n a f t e r  r e f e r r e d  t o  as FeS04, ha8 
been i d e n t i f i e d  a s  both an hydrogenation and coke-reducing c a t a l y s t .  
Process f e a s i b i l i t y  has  been inves t iga t ed  us ing  a v a r i e t y  o f  c o a l s  and 
heavy o i l s / b i t u m e n s ( l ) .  Also, it has been demonstrated t h a t  i n  terms 
o f  product y i e l d s  f o r  subbituminous c o a l s ,  CANMET coprocess ing  is 
super ior  t o  l i q u e f a c t i o n  and is comparable t o  hydrocracking (2-3) .  

The CANMET a d d i t i v e  (pu lve r i zed  coa l  

The e f f e c t  o f  H2S i n  hydrocracking o f  model compounds and i n  
l i que fac t ion  is well documented (4-11). 
coke formation and inc rease  l i q u i d  y i e l d  i n  coa l  l i q u e f a c t i o n  has been 
patented by Exxon Research and Engineering Company (12) .  
been shown t h a t  HpS has b e n e f i c a l  e f f e c t s  i n  non-ca ta ly t ic  crude o i l  
hydroref in ing  p rocesses  (13). 

The a b i l i t y  of H2S t o  reduce 

I t  has a l s o  

In a prev ious  batch au toc lave  s tudy  t h e  use o f  H2S i n  
coprocessing subbituminous c o a l  and bitumen re su l t ed  i n  high c o a l  
conversion and d i s t i l l a t e  y i e l d  (14).  
i n  the  presence o f  H2S was a t t r i b u t e d  t o  its a b i l i t y  t o  donate  its 
hydrogen t o  r a d i c a l s  der ived  f rom c o a l  and bitumen (15) .  

The o b j e c t i v e  o f  t h e  present  study was t o  v e r i f y  t h e  p o s i t i v e  

The inc rease  i n  product y i e l d s  

e f f e c t s  o f  H2S under coprocess ing  cond i t ions  us ing  a continuous-flow 
bench s c a l e  p i l o t  p l a n t  and t o  compare t h e  a c t i v i t y  o f  H2S w i t h  FeSO4 
under s i m i l a r  ope ra t ing  cond i t ions .  
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EXPERIMENTAL 

Process Unit 

Coprocessing experiments were c a r r i e d  out  i n  a I - L  
continuous-f low s t i r r e d  tank r e a c t o r  w i th  a nominal capac i ty  o f  1 kg/h 
o f  s l u r r y  feed wh i le  product samples were c o l l e c t e d  over I-h per iods  
a t  steady s tate.  
paper, t h e  m a t e r i a l  balances were w i th in  i 5  w t  X. 
purposes, a l l  the  da ta  were normalized t o  100% m a t e r i a l  balance by 
p r o p o r t i o n i n g  t h e  losses  over each o f  t h e  product  f rac t ions .  Other 
d e t a i l s  o f  the experimental u n i t  are a v a i l a b l e  elsewhere (2) .  

Feedstocks 

For a l l  the  experimental runs repor ted  i n  t h l s  
For comparison 

The ana lys is  o f  Forestburq subbituminous C c o a l  and Cold Lake 
vacuum bottoms (CLVB) i s  shown i n  Table 1. Addi t i ves  or promoters 
were FeS04 or  H2S or  both. The HzS was obta ined from Matheson and 
used as received. 
a l i q u i d  u s i n g  a Waters LC pump model 6000A. 

I n  experiments where H2S was used i t  was pumped as 

RESULrS AND DISCUSSION 

I 

Product Yields 

Previous batch autoclave experiments i n d i c a t e d  t h a t  H2S i s  most 
e f f e c t i v e  a t  low t p  moderate s e v e r i t i e s  i n  terms o f  improving product  
y i e l d s  when compared t o  coprocessing w i thout  any a d d i t i v e .  
moderate-high sever i ty ,  us ing the  feedstocks repor ted  i n  t h i s  
paper , re la t i ve ly  h i g h  coke format ion was observed even i n  t h e  presence 
o f  H2S. For t h i s  reason, t h e  CSTR experiments which invo lved H2S on ly  
were performed a t  low t o  moderate s e v e r i t i e s .  
s e v e r i t y  experiments, i r o n  su lphate was used t o  assure smooth process 
opera t ion  and t o  prevent  coke formation. 
coprocessing experiments in  the CSTR un i t  us ing  CLVB and Forestburg 
c o a l  wi thout  any c a t a l y s t  even a t  low s e v e r i t y  r e s u l t e d  i n  coke 
format ion and p l a n t  shutdown. Thus, i t  i s  not  poss ib le  t o  compare the 
r e s u l t s  o f  experimental runs us ing  H2S on ly  with those u s i n g  no 
a d d i t i v e  or promoter as was done i n  the  batch autoc lave s tud ies  (15) .  
The f a c t  t h a t  coprocessing experiments could be performed i n  the  CSTR 
w i th  H2S and no o ther  c a t a l y s t  a t  low and moderate s e v e r i t i e s  i s  
s i g n i f i c a n t  and v e r i f i e s  e a r l i e r  batch r e s u l t s  which i n d i c a t e d  t h a t  
HpS prevents  coke format ion under the cond i t ions  employed (14-15). 

AT 

For  moderate-high 

Attempts t o  perform 

Table 2 compares coprocessing r e s u l t s  obta ined i n  the  presence o f  
HpS and i r o n  su lphate a t  two l e v e l s  o f  s e v e r i t i e s .  A t  bo th  l e v e l s  
replacement o f  FeSO4 w i t h  H2S r e s u l t e d  i n  h igher  d i s t i l l a t e  y i e l d ,  
p i t c h  and c o a l  conversions. The r e s u l t s  o f  batch s t u d i e s  i n d i c a t e d  
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t h a t  product y i e l d s  depend on HpS concentrat ion.  
temperature maximum coa l  conversion and d i s t i l l a t e  y i e l d  were obtained 
a t  about 3.5 w t  X HzS based on maf s l u r r y  feed (15). 
r e s u l t s  reported i n  t h i s  work are based on on ly  one experimental run  
and are a t  approximately 8 w t  X H p S  based on maf s l u r r y  feed. 
o p t i m i z a t i o n  o f  HpS concent ra t ion  on product y i e l d s  was c a r r i e d  out i n  
t h i s  CSTR study. 

A t  moderate 

However, t he  

No 

The increase i n  conversions and d i s t i l l a t e  y i e l d  i n  the  presence 
o f  HzS can be r a t i o n a l i z e d  by i t s  hydrogen-donor a b i l i t y .  
sulphide can donate i t s  hydrogen d i r e c t l y  t o  coa l  and bitumen-derived 
r a d i c a l s  o r  the a v a i l a b l e  hydrogens i n  H2S can be t r a n s f e r r e d  t o  
r a d i c a l s  v i a  coa l -der ived  l i q u i d s .  The evidence fo r  d i r e c t  hydrogen 
donat ion by HzS comes from batch  autoclave hydrocracking s t u d i e s  using 
CLVB (14). 
s u b s t a n t i a l  improvement and a t  moderate s e v e r i t y  a s l i g h t  increase i n  
d i s t i l l a t e  y ie ld .  The considerable increase i n  d i s t i l l a t e  y i e l d  in 
the  presence o f  HpS suggests t h a t  a t  l e a s t  i n  pa r t ,  hydrogen from H S 
i s  t rans fer red  t o  bitumen-derived rad ica ls .  
a l s o  showed t h a t  w h i l e  the conversion o f  Forestburg coa l  i n  anthracene 
o i l  increased w i t h  H p S ,  d i s t i l l a t e  y i e l d  d i d  not. However, i n  
copcocessing ( b a t c h  and C S I R )  b o t h  c o a l  conversion and d i s t i l l a t e  
y i e l d  improved s u b s t a n t i a l l y  when H p S  was used. 
i n d i c a t e  t h a t  H2S promotes upgrading o f  bitumen dur ing  coprocessing. 
An apparent synergism between coa l  and HpS i s  a lso  suggested by l e s s  
coke format ion d u r i n g  coprocessing i n  the presence o f  HpS r e l a t i v e  t o  
the  hydrocracking o f  bitumen on ly  us ing  H2S as a promoter (15). 
2 i n d i c a t e s  t h a t  a t  l e a s t  a t . l o w  and moderate s e v e r i t i e s  the 
performance o f  HpS under coprocessing c o n d i t i o n s  i n  a CSTR i s  as good 
as or  b e t t e r  than FeS04. 

Hydrogen 

A t  low seve r i t y ,  the presence o f  H p S  r e s u l t e d  i n  a 

The previous study (14% 

These r e s u l t s  may 

Table 

Table 3 compares the a c t i v i t i e s  o f  i r o n  sulphate w i t h  and without 
H2S. A t  very l o w  and low s e v e r i t i e s  a d d i t i o n  o f  HpS t o  FeS04 r e s u l t e d  
i n  an increase i n  c o a l  conversions whereas d i s t i l l a t e  y i e l d s  and p i t c h  
conversions d i d  n o t  change. However, a t  moderate s e v e r i t y ,  H p S  had a 
s i g n i f i c a n t  e f f e c t  on d i s t i l l a t e  y ie ld ,  coa l  and p i t c h  conversions. 
The presence o f  HzS a t  moderate-high s e v e r i t y  had smal l  e f f e c t  on 
d i s t i l l a t e  y i e l d  and p i t c h  conversion bu t  no e f f e c t  on coa l  
conversion. It appears t h a t  a t  h igher s e v e r i t i e s  the p o s i t i v e  e f f e c t  
o f  H2S i s  masked by the  presence o f  FeSOq. 
and 3 revea ls  t h a t  at  low s e v e r i t y  a higher d i s t i l l a t e  y i e l d  was 
obtained with the  HpS on ly  run. However, a t  moderate seve r i t y ,  no 
improvement was observed u s i n g  HpS+FeS04 compared t o  HpS only. 
the CGmpeiiSGii c l e a r l y  shows tha t  a t  moderate s e v e r i t y  coa l  conversion 
i n  the presence o f  HpS on ly  (80.4 w t  X) approaches tha t  a t  
moderate-high s e v e r i t y  using FeS04 on ly  (86.3 w t  %). 

A comparison o f  l ab les  2 

Also, 
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Product  C h a r a c t e r i s t i c s  

a) D i s t i l l a t e s  

Table 4 shows t h e  c h a r a c t e r i s t i c s  o f  d i s t i l l a t e  products  a t  four 
d i f f e r e n t  s e v e r i t i e s  and compares product  q u a l i t i e s  obta ined i n  the 
presence o f  H2S w i t h  those obta ined us ing  FeS04 or H2S + FeSOq. 
A t  very  low s e v e r i t y  i t  appears t h a t  the d i s t i l l a t e  products  obta ined 
us ing  H2S + FeSOq are  r e l a t i v e l y  heavier  than those obta ined i n  the  
presence o f  FeSOq only. The su lphur  content  o f  the  d i s t i l l a t e  d i d  n o t  
change when H2S was added t o  FeS04, however, t h e  a r o m a t i c i t y  increased 
from 26 t o  31. 
conversion upon H2S a d d i t i o n  (see Table 3 )  and may imply  t h a t  some 
coal -der ived l i q u i d  cont r ibu ted  t o  the d i s t i l l a t e .  Again a t  low 
sever i ty ,  h igher  c o a l  conversion i n  the  presence o f  H2S o n l y  compared 
t o  FeS04 or  H2S + FeSOq r e s u l t e d  i n  a r e l a t i v e l y  heavier  d i s t i l l a t e .  
The sulphur content  o f  the  d i s t i l l a t e  decreased s l i g h t l y  i n  t h e  H2S 
on ly  run. A t  moderate sever i ty ,  t h e  use o f  H2S alone r e s u l t e d  i n  a 
heavier  l i q u i d  product, lower H/C r a t i o  and h igher  molecular  weight 
than the d i s t i l l a t e  obta ined us ing  e i t h e r  FeS04 or  H2S + FeSO4. 

This increase p a r a l l e l s  t h a t  o f  increased coa l  

From t h e  r e s u l t s  shown i n  Table 4 i t  appears t h a t  the e f f e c t  o f  
FeS04 as a hydrogenation c a t a l y s t  i s  more pronounced a t  r e l a t i v e l y  
h igher  s e v e r i t i e s .  A t  moderate sever i ty ,  a l though s i m i l a r  c o a l  
conversions and d i s t i l l a t e  y i e l d s  were obta ined w i th  b o t h  H2S and H2S 
+ FeSOq, a b e t t e r  d i s t i l l a t e  q u a l i t y  was obta ined w i t h  H2S + FeS04. 
Again the  h igher  molecular  weight i n  t h e  H2S o n l y  run may suggest t h a t  
more coal -der ived l i q u i d  c o n t r i b u t e s  t o  the  d i s t i l l a t e  bu t  the  product  
i s  no t  upgraded t o  the  same degree as when FeS04 i s  used. 
content  o f  the d i s t i l l a t e  decreased when HzS was used i n s t e a d  o f  
FeS04. 
content  which i n d i c a t e s  t h a t  H2S r e a c t s  w i th  the oxygen 
f u n c t i o n a l i t i e s  i n  coal .  However, su lphur  content  o f  the  d i s t i l l a t e  
increased s l i g h t l y  i n  the presence o f  H2S only .  
sever i ty ,  t h e  product  q u a l i t y  improved s l i g h t l y  i n  t h e  presence o f  H2S 
i n  terms o f  h igher  H/C r a t i o ,  lower oxygen content ,  a r o m a t i c i t y  and 
molecular weight. 

b) Residues 

The oxygen 

Add i t ion  o f  HzS t o  FeS04 f u r t h e r  reduced t h e  oxygen 

A t  moderate-high 

The composit ions o f  res idues obta ined under d i f f e r e n t  process 
s e v e r i t i e s  are shown i n  Fig. 1 .  A t  very  low sever i ty ,  t h e  a d d i t i o n  o f  
H2S t o  FeS04 r e s u l t e d  i n  s l i g h t l y  h igher  y i e l d s  o f  asphaltenes, 
preasphaltenes and lower THF inso lub les .  A t  low s e v e r i t y ,  t h e  lowest  
y i e l d  o f  THF i n s o l u b l e s  was obta ined w i th  H2S which r e f l e c t s  a h igher  
c o a l  conversion than the FeSOq and HzS+FeS04 runs. Under these 
cond i t ions ,  t h e  r e l a t i v e  y i e l d s  o f  o i l s ,  asphaltenes, and 
preasphaltenes remained unchanged. A t  moderate s e v e r i t y ,  t h e  res idue 
i n  t h e  FeS04 run conta ined more r e s i d u a l  o i l  than t h e  HzS run. 
However, as shown i n  Table 2 t h e  t o t a l  d i s t i l l a t e  y i e l d  as w e l l  as the 
p i t c h  conversion i n  t h e  H2S run are higher .  Th is  suggests t h a t  t h e  
upgrading o f  heavy m a t e r i a l  i n  coprocessing i s  more e f f i c i e n t  us ing 
H2S than FeS04 a t  l e a s t  a t  moderate s e v e r i t i e s .  L i t t l e  or no change 
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occurs i n  t h e  y i e l d s  o f  asphaltenes and preasphaltenes a t  moderate 
s e v e r i t y  using the  d i f f e r e n t  add i t i ves .  
adding H2S t o  FeSOq r e s u l t e d  i n  s l i g h t l y  h igher  p i t c h  conversion and 
consequently lower residue y i e l d  (Table 3). 
i s  r e f l e c t e d  mainly i n  lower preasphaltenes and asphaltenes y ie lds .  

A t  moderate-high s e v e r i t y ,  

The drop i n  res idue y i e l d  

The toluene i n s o l u b l e s  o f  some o f  the coprocessing residues were 
This technique, supplemented a lso  examined u s i n g  o p t i c a l  microscopy. 

by semi -quant i ta t i ve  elemental  a n a l y s i s  by scanning e l e c t r o n  
microscopy has shown t h a t  i t  i s  poss ib le  t o  d i s t i n g u i s h  the 
o r i g i n a l i t y  o f  coa l -der ived  and bitumen-derived s o l i d s  i n  coprocessing 
residues (16).  A t  moderate seve r i t y ,  the  to luene i n s o l u b l e s  o f  the 
coprocessing res idue obtained us ing  H2S conta ins  22.5 v o l  % 
coal-der ived s o l i d s  ( a l t e r e d  coa l  or unreacted coa l )  whereas the 
residue from t h e  FeS04 run  conta ins  52.1 v o l  t coal-der ived 
mater ia ls .  
conversion i n  the  H2S r u n  r e l a t i v e  t o  the FeSOq run. 
amount, (0.9 v o l  %) o f  a n i s o t r o p i c  s o l i d s  i n  both  the H2S and FeSQ 
runs was detected whereas none was detected i n  the  H2S + FeSUq run. 

These r e s u l t s  are cons is ten t  w i t h  the h igher  coa l  
Also a smal l  

CONCLUSIONS 

Hydrogen su lph ide  has been shown t o  be an e f f e c t i v e  promoter i n  
achieving h i g h  c o a l  conversions and d i s t i l l a t e  y i e l d s  when 
coprocessing subbituminous coa l  w i t h  bitumen vacuum bottoms i n  a 
continuous-f low bench scale operat ion.  Resul ts i n d i c a t e  tha t ,  a t  
leas t ,  a t  low and moderate s e v e r i t i e s  o f  opera t ion  H2S performs as 
good as or  b e t t e r  than FeS04 i n  terms o f  product y i e l d s  as w e l l  as 
q u a l i t i e s .  However, a t  h igher  s e v e r i t i e s ,  FeS04 i s  super io r  t o  H2S. 
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Table 1 

Analysis o f  Feedstocks 

Forestburg Coal Cold-Lake 
vacum bottolns 

Proximate analysis Specific gravity, 15/15'C 1.038 
( w t  %, as received) Pentane insolubles, w t  % 23.8 

P i tch  content, w t  % 83.2 
Moisture 19.7 Conradson Carbon, w t  I 17.1 
Vo la t i le  37.2 Elemental ccunposition,wt I 
Fixed carbon 36.1 C 83.34 
Ash 7.0 H 9.69 

N 0.45 
Ultimate analysis S 5.84 
( w t  I DAF) 0 0.68 

C 74.34 Metals, ppm 
H 4.81 V 235 
N 1.78 N i  93 
0 18.58 Fe 18 
S 0.49 

Table 2 

Comparison o f  the Effects o f  H2S w i t h  FeSO(, 

Sever i ty Low Moderate 

H2'5 (1 )  no yes 
FeSOq yes no 

D i s t i l l a t e  y i e l d  ( 2 )  22.9 27.3 
Coal conversion (3 )  53.7 67.9 
Pi tch conversion ( 4 )  15.8 20.3 

no Yes 
Yes n o  
36.3 43.2 
70.4 80.4 
34.1 42.5 

(1 )  
(3 )  

8 w t  I, based on maf s lu r r y  feed 
w t  I, based on maf coal, 
defined as THF s o l u b i l i t y  

( 2 )  w t  I, based on maf s lu r ry  feed 

maf (+525"C) i n  
(4 )  maf (+525 "C)  i n  - maf (+525'C) out 

Table 3 

Comparison o f  The Effects o f  FeS04 and HpS + FeSO4 

Severity Very low Low Moderate Moderate-hiqh 

HgS (1)  no yes no yes no yes no yes 
FeSO4 yes yes yes yes yes yes yes yes 

D i s t i l l a t e  y i e l d  ( 2 )  15.8 16.5 22.9 22.9 36.3 42.1 60.9 63.1 
Coal conversion ( 3 )  27.4 41.1 53.7 61.3 70.4 83.7 86.3 85.9 
P i tch  conversion ( 4 )  8.1 7.5 15.8 18.6 34.1 42.4 64.8 69.7 

- 

(1)  8 w t  %, based on maf s lu r r y  feed 
( 3 )  w t  %, based on maf coal, 

( 2 )  w t  I, based on maf s lu r ry  feed 
(4)  maf (+525'C) i n  - maf (+525"C) out 

defined as THF solubility maf (+525"C) i n  
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Table 4 

D i s t i l l a t e  C h a r a c t e r i s t i c s  

Sever i t y  Very low - Low Moderate Moderate-hiqh 

H2S 
FeSOg 

API 
H/C 
N,wt A 
S,wt A 
0,wt A 
- f a  
Mn,g/mole 

no 
Yes 

17.0 
1.56 
0.39 
2.98 
1.28 

29 
107 

no yes 
yes yes 

15.2 13.3 
1.59 1.53 
0.26 0.37 
3.15 3.11 
0.89 1.30 

- - 26 31 

yes yes 
no yes 

15.9 15.8 
1.57 1.54 
0.41 0.41 
2.A3 2.98 
1.23 1.31 

28 30 
320 322 

no 
yes 

22.4 
1.62 
0.44 
2.30 
1.40 

25 
272 

Yes 
Yes 
25.9 

1.62 
0.50 
1.69 
0.85 
2 5  

278 

yes yes 
no yes 

19.8 22.9 
1.58 1.63 
0.47 0.43 
2.44 2.27 
1.28 1.02 

29 24 
305 279 

FIGURE 1 RESIDUE COMPOSITION 

no 
yes 

25.4 
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ABSTRACT 

Pret reatment  o f  subbituminous coal w i t h  an approp r ia te l y  formulated mix o f  
carbon monoxide and water, i n  presence o f  bitumen o r  heavy o i l ,  r e s u l t s  i n  ve ry  
f a s t  reac t i ons  cha rac te r i zed  by a h i g h  degree o f  coal s o l u b i l i z a t i o n  and deoxy- 
genation. The r e a c t i o n  i s  ca ta l ysed  by a m ix tu re  o f  a l k a l i  metal carbonates 
and proceeds r e a d i l y  a t  380-400OC. The f i r s t - s t a g e  reac t i on  product  appears t o  
be suscept ib le  t o  f u r t h e r  c a t a l y t i c  hydrogenation a t  420-460T w i t h  gaseous 
hydrogen y i e l d i n g  65-70% ( o n  da f  feed)  o f  hydrogen-rich d i s t i l l a b l e  o i l ,  com- 
posed main ly  o f  naphtha and middle o i l .  

The process f lowsheet  i s  presented and the  comparative economics o f  two-stage 
carbon nonoxide/steam-hydrogen and hydrogen-hydrogen coprocessing schemes are 
discussed. 

INTRODUCTION 

A lbe r ta  i s  endowed w i t h  immense reserves o f  subbituminous coals  (11, bitumen 
and heavy o i l  ( 2 ) .  The concept o f  coprocessing coal and petroleum der i ved  
so l ven ts  i s  n o t  a new one (3 .4 )  and the re  i s  a consensus t h a t  t h i s  approach i s  
more a t t r a c t i v e  economical ly than convent ional  coal 1 ique fac t i on  (5). The most 
a t t r a c t i v e  f e a t u r e  o f  the coprocessing concept i s  i t s  po ten t i a l  f o r  e l i m i n a t i o n  
o f  o i l  r e c y c l e  which may increase t h e  o u t p u t  o f  t he  i n s t a l l a t i o n  by up t o  th ree  
t imes. 

It has t o  be emphasized t h a t  under A lbe r ta  condi t ions the economics o f  a 
coprocessing p l a n t  have t o  be compared t o  a heavy o i l  and/or bitumen hydro- 
c rack ing  p l a n t .  The major advantage o f  coprocessing as  opposed t o  bitumen o r  
heavy o i l  hydrocrack ing i s  t he  low c o s t  o f  coal .  This has t o  be weighed 
aga ins t  t he  increased hydrogen consumption, increased p l a n t  complex i ty  
(convers ion o f  coal  t o  d i s t i l l a t e  o i l  r e q u i r e s  more severe cond i t i ons  compared 
t o  bitumen) and the  element of r i s k  associated w i t h  implementation o f  t he  new 
coprocessing technology. 

A f a c t o r  which may have a subs tan t i a l  e f f e c t  on the economics o f  coprocessing 
as compared t o  bitumen o r  heavy o i l  hydrocrack ing i s  t h a t  o f  pu re l y  chemical 
nature. I t  has n o t  been f i r m l y  es tab l i shed  whether the  i n t e r a c t i o n  among coa l -  
and bitumen-derived r a d i c a l  in termediates leads t o  an increase o r  a reduc t i on  
i n  o i l  y i e l d  o r  i t s  q u a l i t y .  

On the o the r  hand, i t  has been demonstrated t h a t  hydrocracking o f  bitumen i n  a 
one-stage process i n  the  presence o f  small  (1-3% by weight) q u a n t i t i e s  o f  sub- 
bituminous coal  r e s u l t s  i n  s i g n i f i c a n t  improvement i n  o i l  y i e l d  ( 6 ) .  S i m i l a r  
r e s u l t s  can be obta ined by employing cha rs  generated from brown coals  ( 4 , 7 )  and 
t h i s  furn ishes a s t rong  evidence t h a t  c a t a l y t i c  e f f e c t s  and n o t  t h e  chemist ry  
of the components o f  t he  subs t ra te  p l a y  a dominant r o l e  i n  a one-stage b i t u e n  

* To be presented a t  the Fuel D i v i s i o n  "Reactions o f  Coal i n  Novel Systems", 
Anaheim ACS Meeting, September 7-12. 1986 
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hydrocracking process w i t h  low coal  concent ra t ions .  However, t h e  o h j e c t i v e  o f  
coprocessing i s  t o  naximize t h e  coal  concent ra t ion  i n  the feedstock w i t h o u t  
s a c r i f i c i n g  t h e  d i s t i l l a b l e  p roduc t  y i e l d  and q u a l i t y .  

The two-stage process developed a t  A l b e r t a  Research Counci l  i s  based on so lub i -  
l i z a t i o n  o f  h igh  oxygen subbituminous coa l  i n  bitumen (heavy o i l )  u s i n g  a mix- 
t u r e  o f  carbon monoxide/steam a t  380-409OC i n  presence o f  a l k a l i  metal  cata- 
l y s t .  f o l l o w e d  by c a t a l y t i c  hydrocracking a t  temperatures o f  420-460'C and 
pressures up t o  18.0 MPa. 

EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  standard batch autoclave system and i n  a 
h o t  charge/discharge u n i t  ( a  system developed f o r  s tudy ing  two-stage l i q u e -  
f a c t i o n  processes). 

Batch Autoclave Simulated Two-Stage Studies 

The ba tch  autoclave experiments were c a r r i e d  ou t  i n  1 l i t r e  magnedrive auto- 
c laves  (manufactured by Autoclave Engineers L td . )  w i t h  i n t e r n a l  c o o l i n g  c o i l s .  

The coal /b i tumen s l u r r y  was charged i n t o  an autoclave a t  room temperature 
fo l lowed by p ressu r i z ing  the  system w i t h  carbon monoxide (5.2 MPa) o r  hydrogen 
(8.3 MPa). The autoclave was heated up t o  390°C. maintained a t  t h i s  tempera- 
t u r e  f o r  30 min. and depressur ized a t  e leva ted  temperatures. Gas samples were 
analysed us lng  a CARLE gas chromatograph. The second stage (hydrogenat ion) 
c a t a l y s t  and s u l f u r  add i t i ve  were then introduced t o  t h e  c o l d  r e a c t o r  which was 
subsequently repressur ized t o  8.3 MPa w i t h  hydrogen. The r e a c t o r  was heated t o  
440°C and he ld  a t  t h i s  temperature f o r  60 min. Subsequently, t h e  r e a c t o r  was 
depressur ized as before, cooled t o  room temperature and discharged. The pro- 
d u c t  work-up procedure was t h e  same as descr ibed b e f o r e  (8).  

Ho t  Charge/Discharge U n i t  (HCOU) 

The HCDU cons is ts  o f  two m a g n e t i c a l l y  s t i r r e d  reac to rs  o f  one and two l i t r e  
c a p a c i t y  and a h igh  pressure vessel t o  c o l l e c t  t he  produc t  s l u r r y .  The f i r s t  
r e a c t o r  operates i n  batch mode and the  second one i n  a semi-continuous mode. 
D e t a i l s  regarding c o n s t r u c t i o n  and opera t ion  o f  the  system were g i v e n  elsewhere 
(8).  The product work-up procedure and produc t  analyses were t h e  same as f o r  
ba tch  autoclave tests.  

D I KUSSION 

S u f f i c i e n t  evidence has been accumulated t o  show t h a t  two-stage coal  l i q u e f a c -  
t i o n  process y i e l d s  b e t t e r  r e s u l t s  conpared t o  convent ional  s ing le -s tage pro- 
cesses ( 9 ) .  

The importance o f  the f i r s t  ( s o l u b i l i z a t i o n )  stage i n  the  o v e r a l l  l i q u e f a c t i o n  
process had been ignored u n t i l  i t  became ev ident  t h a t  depending on t h e  r e s u l t s  
o f  t h e  so lub i l i za t i on .  the second (hydrogenat ion) stage proceeds more o r  l e s s  
e f f i c i e n t l y .  Though no r e s u l t s  o f  systemat ic research on t he  s o l u b i l i z a t i o n -  
hydrogenation re la t i onsh ip  a re  ava i l ab le ,  one can speculate t h a t  t h e  mechanism 
o f  t h e  i n i t i a l  d i s i n t e g r a t i o n  o f  coa l  and the  charac ter  and p r o p e r t i e s  o f  t he  
in te rmed ia te  so lub le  p roduc t  may have a major i n f l uence  on t h e  e f f e c t i v e n e s s  o f  
t h e  hydrogenation step. 

The inf luence o f  s o l u b i l i z a t i o n  o f  low rank coa ls  on t h e i r  hydrogenat ion may be 
p a r t i c u l a r l y  important due t o  t h e i r  h igh  oxygen content and h igh  r e a c t i v i t y  o f  
a major f r a c t i o n  o f  t h i s  oxygen a t  temperatures s i g n i f i c a n t l y  below t h e  
hydrogenation tenperature. Presence o f  h i g h l y  reac t i ve  oxygen i n  t h e  coal may 
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r e s u l t  i n  r e t r o g r e s s i v e  r e a c t i o n s  t a k i n g  p lace du r ing  s o l u h i l  i z a t i o n  a t  Cig$er  
temperatures. Therefore, f o r  A lbe r ta  subbituminous coals  a m i x t u r e  o f  carbon 
monoxide/steam o r  hydrogen was t e s t e d  i n  low temperature s o l u b i l i z a t i o n  
s tud ies.  The work c a r r i e d  o u t  a t  A lbe r ta  Research Counci l  on s o l u b i l i z a t i o n  o f  
indigenous subbituminous c o a l s  i n  CO/steam i n  bitumen and/or heavy o i l  showed 
t h a t  these c o a l s  a r e  r e a d i l y  s o l u b i l i z e d  a t  a low temperature o f  38O-40O0C w i t h  
conversion 85-96s ( 1 0 , l l ) .  Although the conversion was accompanied by l ow  
hydrocarbon gas genera t i on  and advanced deoxygenation f o r  both gases t e s t e d  
(see Table 1). CO/steam appeared t o  be super io r  compared wi th hydrogen i n  terms 
o f  reac t i on  k i n e t i c s  measured as coa l  conversions a t  390°C (see Table 2).  

The s u s c e p t i b i l i t y  o f  t he  coa l  s o l u b i l i z e d  under m i l d  cond i t i ons  w i t h  e i t h e r  
hydrogen o r  carbon monoxide/steam t o  f u r t h e r  hydrogenation i n  presence o f  
potassium molybdate i s  presented i n  Table 3. 

Analys is  o f  t he  r e s u l t s  obta ined i n  simulated two-stage autoc lave experiments 
and presented i n  Table 3 i n d i c a t e s ,  t h a t  i n  terms o f  d i s t i l l a b l e  o i l  y i e l d  the 
s o l u b i l i z a t i o n  o f  coa l  i n  bitumen i n  presence o f  CO/H 0-K C03 fo l lowed by 
c a t a l y t i c  hydrogenation y i e l d s  s l i g h t l y  b e t t e r  r e s u l t s  c&pa?ed t o  s o l u b i l  i z -  
a t i o n  i n  hydrogen and f o l l o w e d  by c a t a l y t i c  hydrogenation. Furthermore, two- 
stage co-processing where s o l u b i l i z a t i o n  was accomplished by a c t i o n  o f  e i t h e r  
CO/H 0 o r  CO/H 0-K CO seems t o  r e s u l t  i n  sovewhat l ower  genera t i on  o f  gaseous 
hydr%carbons ibmpaqed t o  s o l u b i l i z a t i o n  w i t h  hydrogen (Table 3 ) .  The coal 
conversion va lues a r e  by f a r  t he  h ighes t  (98%) f o r  t h e  sample s o l u b i l i z e d  us ing 

I n  conclusion, on t h e  bas i s  o f  autoc lave s tud ies t h e  two-stage CO/H 0-K CO 
H rou te  appears t o  be m a r g i n a l l y  more appealing than t h e  H2-H2 r o u t 6  in’tehn; 03 product  y i e l d s  and conversion. 

The Alber ta  Research Counci l  r o u t e  requ i res  t h a t  CO be used as reducing gas i n  
t h e  f i r s t  s tage o f  the l i q u e f a c t i o n  process. I t  i s  notewor thy t h a t  the 
refonning technology f o r  conversion o f  na tu ra l  gas (CH t o  e i t h e r  H o r  CO i s  
we l l  known and i n  b o t h  cases i s  equa l l y  e f f i c i e n t  i n  t e h s  o f  the q u a h i t i e s  o f  
t he  reducing gas produced. 

CO/H20-K,C03. 

CH4 + 2H20 C02 + 4H2 (1) 

CH4 + 3C02 ~ 4CO + 2H20 (2 )  

The conversion o f  methane t o  CO i ns tead  o f  H i s  more a t t r a c t i v e  i n  view o f  the 
e l i m i n a t i o n  o f  the demand f o r  water and tt?e p o t e n t i a l  f o r  r e c y c l i n g  the CO 
produced i n  t h e  f i r s t  stage o f  t he  coprocessing. The disadvantage o f  re formins 
w i t h  C02 l i e s  i n  endothermic nature o f  t h i s  reac t i on  and i n  a need f o r  separa- 
t i o n  of gases (namely CO, C02 and H2). 

The block diagram o f  t he  coprocessing p l a n t  based on the concept o f  C0/H20- 
K2C03 - H2 r e a c t i o n  i s  presented i n  F i g u r e  1. 

The Process i s  composed o f  t h ree  t r a i n s :  1 )  d i s t i l l a t i o n  o f  bitumen and 
agglomeration o f  coal ;  2 )  generat ion and separation o f  r e a c t i o n  gases; and 3 )  
s o l  ub i1 i z a t i  on, hydrogenation, d i s t i l  1 a t i o n  and r e f i n i n g  o f  v o l  a t i  1 e products . 
E a r l i e r  work showed t h a t  bitumen based b r i d g i n g  l i q u i d  was very e f f e c t i v e  i n  
removal of a major p o r t i o n  o f  minera l  mat ter  ( p a r t i c u l a r l y  s i l i c a  and c lays)  
from subbituminous c o a l s  du r ing  t h e i r  agglomeration (12) .  It i s  expected t h a t  
deashing of coa l  may have a b e n e f i c i a l  i n f l uence  on l i q u e f a c t i o n  c a t a l y s t  per- 
formance and reso lve  t h e  problems associated w i t h  e ros ion  o f  pressure let-down 
va lves (13). 

I ‘~ 
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The ove ra l l  mass balance o f  t he  opt imized two-stage CO/H 0-K CO - H coa l /  
bitumen process i s  presented i n  Table 4. The s o l u b l e  e x t r a s t  (3523°C) &counts 
f o r  12.3% o f  the feedstock ( coa l  + bitumen) as compared w i t h  about 19% (see 
Table 3) obtained from s imulated two-stage autoc lave t e s t s .  The reduc t i on  i n  
generation o f  e x t r a c t a b l e  ma t te r  was achieved through more advanced hydrogena- 
t i o n  compared t o  autoc lave t e s t s .  As a r e s u l t  t h e  d i s t i l l a b l e  o i l  y i e l d  a f t e r  
op t im iza t i on  was increased t o  70.1% (see Table 5) compared t o  66.2% obtained i n  
an autoclave (Table 3). Equa l l y  important, t h e  process generates main ly  l i g h t  
(-375OC) o i l .  which accounts f o r  about 90% o f  t o t a l  o i l  produced. It i s  expec- 
t e d  t h a t  i n  a continuous opera t i on  h igher  y i e l d s  o f  d i s t i l l a b l e  o i l s  can be ob- 
tained. 
c a t a l y s t  should have a major  impact on f u r t h e r  improvement o f  t he  ARC process 
concept. 

Recently completed economic f e a s i b i l i t y  s t u d i e s  on two-stage coal/bitumen 
coprocessing (14) i n d i c a t e  t h a t  t h e  Alber ta  Research Counci l  concept t o  c a r r y  
o u t  the s o l u b i l i z a t i g n  stage i n  CO/steam atmosphere adds about $100 m i l l i o n  t o  
the  cos t  o f  the coprocessing p l a n t  and t h i s  accounts f o r  approximately 8% o f  
t o t a l  p l a n t  cost .  However, when the  f e a s i b i l i t y  s tud ies  were completed ( e a r l y  
1985) the data i n d i c a t i n g  t h a t  t he  CO/steam-K C O  s o l u b i l i z a t i o n  r e s u l t s  i n  
h igher  y i e l d  o f  d i s t i l l a b l e  o i l s  compared t o  hy&og%n s o l u b i l i z a t i o n  (see Table 
3 )  were not  ava i l ab le .  I t  i s  noteworthy t h a t  4% h igher  o i l  y i e l d  i n  p l a n t  
product ion could r e a d i l y  o f f s e t  t he  a d d i t i o n a l  c o s t  assoc iated w i t h  CO/steam 
s o l u b i l i z a t i o n .  Furthermore, t h e r e  are o t h e r  f a c t o r s  ( l i k e  r e a c t i o n  k i n e t i c s )  
which seem t o  favo r  CO/steam s o l u b i l i z a t i o n  and which do n o t  seem t o  be f u l l y  
accounted f o r  i n  the f e a s i b i l i t y  studies. 

Under the circumstances i t  i s  concluded t h a t  t h e r e  i s  a need f o r  f u r t h e r  
v e r i f i c a t i o n  o f  t he  e f fec t i veness  o f  t h e  CO/steam-K CO versus H s o l u b i l i z -  
a t i on .  It i s  essen t ia l  t o  c a r r y  o u t  continuous two-s?ag$ coa l /b i t&en  t e s t s  i n  
both (CO/steam-K CO - H versus H -H modes i n  o rde r  t o  o b t a i n  more r e l i a b l e  
y i e l d  data and cbnv&sior? values f& Aonomic ana lys i s .  
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Table 1 

DEOXYGENATION OF THE FEEDSTOCK (COAL AND BITUMEN) AND 
HYDROCARBON GAS YIELDS ON SOLUBILIZATION OF HIGHVALE COAL 

I N  BITUMEN USING CO/STEAM OR He AT 390°C 

CO/Steam H, 

Hydrocagbon Gas Y i e l d  
(C1-C4) (XI 

1 .o 0.9 

Deoxygenationb ( % )  86 94 

a) on d a f  feedstock 
b) d e f i n e d  as: _. 

- 0 i n  ( d i s t i l l a b l e  + e x t r a c t a b l e )  products 
0 i n  (coal  + bitumen) feedstock 
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Table 2 

THE EFFECT OF RESIDENCE TIME ON 
CONVERSION FOR THE SOLUBILIZATION OF 

HIGHVALE COAL I N  BITUMEN WITH 
CO/STEAM OR H2 AT 390°C 

Time (min') Coal Conversion 
( o n  d a f  coal ) 

H7 CO/Steam 

0 
15 
30 
60 

58 10 
65 34 
85 65 
86 68 

Table 3 

PRODUCT YIELDS AND COAL CONVERSIONS FROM THE 
TWO-STAGE CO-PROCESSING OF BITUMEN AND HIGHVALE COAL 

2nd Stage C a t a l y s t  

1 s t  Stage Reducing Gas H2 CO/H20 CO/H20-K2C03 

K2Mo04 - CH3SSCH3 

Y ie lda  - 
Hydrocarbon Gas (C,-C5) 7.2 (20.8) 5.2(+0.2) 5.3c 
D i s t i l l a b l e  O i l  (IBP-525"C) 62.3(+0.9) 57.7 (+0.8 ) 66.2 (20.7 ) 
Solub le E x t r a c t  18.0 (20. 2 ) 19.3 (20. 9) 18.7 (+O .3 ) 
Ma te r ia l  Balance 94.1 (23.1 ) 90.4 (20.2) 96.1' 

Coal Conversion ( X  d a f  c o a l )  90 (21 ) 91 (21) 98 (20 1 
~ 

a) Y ie lds  a re  presented as % da f  organic  feed (bitumen + coa l ) .  
b) A l l  data are quoted as  the  average va lues of two dup l i ca te  experiments. 

F igu res  i n  b racke ts  show t h e  spreads f o r  t he  two experiments. 
c) S ing le  data po in t .  
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Table 4 

OVERALL MASS BALANCE FOR THE OPTIMIZED ARC TWO-STAGE 
CO/H2O-K2CO3 - H2 COALDITUMEN PROCESS 

Bitumen Coal - 2.5/1 
Bas is  100 k g  - feed ( d a f )  

Component I n p u t  o u t p u t  

10.26 

0.6 
26.1 

2.7 
1.84 

c5-2000c 3.1 11.0 

200-375OC 15.0 40.1 

375-525OC 16.1 19.0(2) 

+ 525OC 37.2 12.3 

Coal 28.6 

Ash 1.5(1) 
Unconverted Coal 
Residue 

Water 

co 
44.7 

1.5 
c02 
H2S 

NH4 0.46 

'1-'4 5.2 
C a t a l y s t  0.34 

138.8 138.8 

( 1 )  Ash reduced t o  5% by deashing. 
( 2 )  Es t imate  o f  y i e l d  a f t e r  o p t i m i z a t i o n .  
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SteaE (Optional) Natural Gas 

GAS GENERATION 
AND SEPARATION 

COAL 
SOLUBILIZATION 
HYDROGENATION 

DISTILLATION 

AGGLOMERATION 
AND 

co Rich 

Recycle Mater 
Bi t w n  B i  t m e n  

(andlor 
heavy oi 1 ) 

(andlor 
heavy of1 1 Coal 

Figure 1: Block Diagram o f  the ARC Two-Stage CO/Steam-K2C03 - H2 
Coal/Bitumen Process Concept 
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COAL LIQUEFACTION/RESID HYDROCRACKING 
V I  A THO - STAGE INTEGRATED CO- PROCESS I NG 

Marvin Greene 
Avinash Gupta 
W i l l i a m  Moon 

LUMMUS CREST INC. 
1515 BROAD STREET 

BLOOMFIELD, NEW JERSEY 07003 

BACKGROUND 

Lummus Crest Inc .  (LCI), a s u b s i d i a r y  o f  Combustion Engineer ing Inc. ,  has been 
developing techno logy  f o r  t h e  simultaneous processing o f  coal  and heavy petroleum 
l i q u i d s  under a j o i n t  development c o n t r a c t  w i t h  the  U. S. Department o f  Energy. 
The LCI co-processing r o u t e  i s  an outgrowth o f  i t s  I n t e g r a t e d  Two-Stage 
L iquefac t ion  (ITSL) technology developed over t h e  pas t  decade by LCI f o r  coal  
l i que fac t i on .  A 33-month R&D con t rac t  was i n i t i a t e d  i n  October 1984 w i t h  the  
ob jec t i ve  o f  de termin ing  t h e  techn ica l  and economic f e a s i b i l i t y  o f  coal  
l i q u e f a c t i o n  v i a  t h e  LCI co-processing rou te .  

The p r o j e c t  was fo rmula ted  i n t o  f i v e  major program tasks  as fo l l ows :  

Task 1: P r o j e c t  Management Plan 
Task 2: Feedstock Ana lys is  
Task 3: Co-Processing R e a c t i v i t y  Screening 
Task 4: Continuous Bench-Scale Operations 
Task 5: Cost Est imate o f  Conceptual Commercial F a c i l i t y  

The f i r s t  t h r e e  t a s k s  have been completed and the  cont inuous Bench-Scale 
Operations t a s k  has r e c e n t l y  been i n i t i a t e d .  The balance o f  t h i s  paper w i l l  
descr ibe  exper imental  methods, t he  LCI co-processing approach and t h e  r e s u l t s  o f  
recent  bench-scale u n i t  operat ions.  

SOME JUSTIFICATIONS FOR CO-PROCESSING 

Since co-processing i n h e r e n t l y  requ i res  two separate feedstocks,  namely coal  and 
petroleum r e s i d ,  it i s  p o s s i b l e  t o  assess any p o t e n t i a l  process advantages from 
two viewpoints.  From t h e  r e f i n e r ' s  v iewpoint ,  t he  aromat ic - r i ch ,  coa l -der ived  
ex t rac ts ,  b e i n g  w e l l  known hydrogen donor solvents,  can improve the  
hydroprocessing conversion o f  heavy, low grade petroleum feedstocks.  On a 
constant energy c o s t  basis,  t h e  syncrude cos t  c o n t r i b u t i o n  f rom a coal  feedstock 
may be l ess  than t h a t  f rom a petroleum feedstock.  

For example, i f  one assumes a t y p i c a l  ne t  syncrude y i e l d  o f  0.0005 M3/Kg (3.0 
bb l / ton)  f o r  a run-o f -mine  bi tuminous coal  p r i c e d  a t  $0.033[5g ($30/ton), then the  
coal  feedstock c o s t  o f  t h e  coa l  syncrude i s  about f62/M (SlO.OO/bbl). This 
compares t o  pe t ro leum cfude p r i ces ,  even under t h e  c u r r e n t  suppressed spot market, 
i n  excess o f  $74-100/M ($12-16/bbl). The s i t u a t i o n  i s  even more pronounced i n  
t h e  case of a t y p i c a l  subbituminous, coal .  Al though t h e  ne t  y i e l d  o f  l i q 9 d s  from 
subbitumjnous coal  i s  lower  than ' t h a t  from bi tuminous coa l  (0.0003 M /Kg vs. 
0.0005 M /Kg f o r  bi tuminous),  t h e  corresponding subbituminous R.O.M. coal  cos t  i s  
n o t  p r o p o r t i o n a t e l y  lower bu t  r a t h e r  about 73 percent lower  than t h a t  o f  the  
bi tuminous coa l  ($O.OOSS/Kg vs. $0.033/Kg). Th is  t r a n s l y e s  t o  a subbituminous 
Coal feedstock cos t  o f  t h e  coal  l i q u i d s  o f  about $32.6/M ($5.20/bbl). I n  both 
cases, it i s  env is ioned t h a t  a r e l a t i v e l y  low l e v e l  o f  coa l -der ived  l i q u i d s  would 
be blended w i t h  pe t ro leum r e s i d  feedstock so as no t  t o  g r e a t l y  a l t e r  the  
downstream r e f i n e r y  p r o c e s s a b i l i t y  o f  t h e  petroleum-coal  l i q u i d  mixtures.  
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From a coal liquefaction plant owner’s viewpoint, the introduction o f  petroleum 
resid allows for a reduction in the large and costly solvent recycle systems. 
Additional advantages include: 

o Reduces net hydrogen consumption and correspondingly reduced hydrogen 
production costs; 

Avoids the need for a costly deashing step; 

Provides for a more rapid introduction of coal into the domestic energy 
networks; and 

o Allows the consideration of smaller-scale, less capital intensive plant 
sizes in an over-the-fence concept rather than in a grass-roots, 
mega-project concept. 

o 

o 

LCI CO-PROCESSING APPROACH 

O f  the three key co-processing routes - thermal, thermocatalytic, biochemical - 
the LCI approach represents a hybrid of the first two in that it consists of a 
two-stage method. The first-stage is a thermal reaction system paralleling the 
Short Contact Time (SCT) reaction system developed for LCI’s ITSL Process. The 
second-stage consists of a catalytic reac&on system based on LCI’s proprietary 
expanded-bed &,chnology known as LC-Fining The SCT reactor is close-coupled to 
the LC-Fipang reactor to allow for rapid stabilization of coal extracts by the 
LC-Fining catalyst thereby minimizing undesirable free radical condensation 
reactions. 

Figures 1 and 2 show two alternative flowschemes depending upon the source and 
type of the petroleum resid. The scheme shown in Figure 1 is predicated on the 
use o f  a heavy refinery stream such as the unconverted resid from a catalytic 
hydrocracker. In this scheme, the petroleum feedstock is blended with the coal I 

and a recycle gas oil stream prior to the first-stage, SCT thermal reactor. 

. 

The scheme shown in Figure 2 is predicatfd on the use of a virgin vacuum residua 
which is fed directly into the LC-F’ er along with the SCT coal extract. The 
first-stage reactor of the LC-Finer” can be operated to simultaneously optimize 
the production of a) a donor solvent-rich gas oil recycle stream; b) an 
unconverted but hydrotreated rehycle reskd stream having improved solvency for 
coal; and c) hydrocracked C5-524 C (C5-975 F) distillates. 

EXPERIMENTAL APPROACH 

I 

The experimental approach to obtaining key process data required for the 
preliminary design and estimate of a conceptual commercial facility has been 
accomplished in a variety of test units. Initial work for screening candidate 
coal and petroleum feedstocks was carried out in microautoclave reaction systems 
shown schematically in Figure 3. This was followed by testing in a continuous, 
close-coupled test unit under once-through conditions utilizing solvents 
characteristic in composition to what is expected at steady-state, but 
synthetically generated. The test unit, shown schematically in Figure 4, consists 
of an SCT reaction system comprised of a 6.2 mm i.d. by 343 cm long horizontal 
coil heater followed by a vertical SCT reactor having a volume of 118 cc. The SCT 

(sm) LC-Fining is a service mark of Lumus Crest Inc. for engineering, marketing 
and technical services related to hydrocracking and hydrodesulfurization processes 
for reduced crude and residual oils. 
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system, which could be operated with either SCT reactors described above, was 
close-coupled to a stirred autoclave catalytic hydrocracker. The continuous 
bench-scale unit being operated in Task 4 consists of the above SEA reactor 
systems close-coup1 ed to a small diameter, expanded-bed LC-Fining reactor 
system. This unit can operate in a recycle mo& which consists of batch 
collection of hydrotreated 1 iquids from the LC-Finer followed by batch slurryiQg 
of the coal and the thus collected recycle liquids. Both SCT and LC-Finer 
reactors are operated continuously. 

RESULTS OF BENCH-SCALE TESTING 

Process variables studies, carried out in the continuous close-coupled test units, 
have recently been completfd. The bulk of the test scans concentrated on scouting 
of both SCT and LC-Fining reaction conditions close to that of the anticipated 
region of preferred commercial operations. Tests were made with two 
coal -petroleum combinations that were selected from the analysis of the 
microautoclave test data. These combinations consisted o f  a bituminuous coal - 
Pittsburgh seam with Athabasca vacuum resid - and a subbituminous coal - Wyodak 
with Arab Heavy vacuum resid. Dughng the scans, two sets of data were obtained 
indicating the effect of LC-Fining reactor temperature and solvent/coal ratio on 
co-processing performance. 

EFFECT OF TEMPERATURE 

The impact of LC-FiningSm temperature at constant SCT reaction conditions is shown 
in Table 1. From these data, we have calculated pseudo-kinetic rate constants for 
each of the performance criteria based on simplified kinetic models. These values 
are indicated below: 

Co-Processinq (SCT & LC-F) Performance Parameter Pseudo-Rate Constant, hr-I 

- 404C - 416C __ 432C 

Desulfurization 
Demetallization 
524Ct Conversion 
Denitrogenation 

0.75 1.09 1.67 
0.55 0.90 1.12 
0.54 0.72 1.11 
0.29 0.43 0.90 

The feedstock in all tests consisted of 25 percent coa1/37.5 percent hydrotreated 
petroleum resid/37.5 percent coal -derived gas oil. The order of reactivity as 
measured by the specific co-processing performance parameters in descending order 
i s :  

Desulfurization > Demetall ization > Conversion > Deni trogenation 

It is also interesting to note that in all thrfie tests, the preasphaltene content 
in the product of the single-stage LC-Finer has been reduced to less than 2 
percent. 

EFFECT OF SOLVENT QUALITY AND SOLVENT/COAL RATIO 

The impa$m of solvent/coal ratio and solvent quality at constant SCT and 
LC-Fining reaction conditions is shown in Table 2. The following interesting 
observations have been made based on the data shown: 

0 At cgnstant coal slurry concentration, reducing the ratio of the solvent 
(524 C- boiling range) to coal from 1.5/1 to 1.0/1 had a minimal effect 
on observed coal conversions. 
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0 However, the reduction in the said solvent/coal ratio did adversely 

It should be kept in mind that the high LC-FiningSm severity used in this 
particular test campaign was aimed at assessing per pass performance (e.g., 
conversion, desulfurization, etc.) 1 imits during co-processing. In the conceptual 
commercial concept Qgpicted in Figures 1 and 2, it is anticipated that the 
first-stage LC-Finer located immediately downstream o f  the SCT reactor will be 
operated under optimal conditions for generating recycle gas oil solvents having 
higb hydrogen donor capacity. At these severities, it is anticipated that the 
524 Ct conversions would be lower than the values shown in Table 4. The 
additional required feed conversions, i .e., overall swversions in exce~ss of 80 
percent, could be achieved in a second-stage LC-Finer operated at higher, more 
conventional petroleum hydrocracking severities. 

In test BSCL-20, a 524OC- recycle solvent during co-processing was simulated by 
blending a neat coal-derived hydrogenated solvent with a neat petroleum-derived 
hydrogenated solvent in the same ratio as that of the coal and petroleum resid fed 
in that run. By comparing these results to those of test BSCL-9 made only with 
coal-derived 524OC- solvent, it is possible to estimate the relative solvent 
quality index (SQI) of the petroleum-derived gas oil solvent in comparison to that 
of the coal-derived gas oil solvent. The SQI of the particular petroleum gas oil 
utilized in this test has been estimated to be about 60 percent of that of the 
coal -derived solvent based on relative solvent performance as measured by observed 
net distillate yields. Optimization of the petroleum resid hydrocracking step in 
which the simulated gas oil solvent was generated has the potential to increase 
the latter's SQI value closer to that of the coal-based solvent. 

FUTURE WORK 

The continuous bench-scale unit will be operated in the recycle mode to 
demonstrate the effect of solvent maintenance on co-processing performance as a 
function of feedstock types (Pittsburgh seam and Wyodak coals; Arab Heavy and 
Athabasca residua); coal/resid ratios; solvent/coal ratio and catalyst age. These 
data will serve as the basis for formulating a conceptual commercial plant design. 
Towards the end of the Task 4 experimental program, a catalyst life test at 
preferred co-processing conditions will be made to demonstrate the technical 
feasibility of the base case design. 
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TABLE 1 

EFFECT OF LC-FINING~"' TEMPERATURE ON CLOSE-COUPLED CO-PROCESSING PERFORMANCE 

SUMMARY OF TEST CONDITIONS AND RESULTS 

RunNo. 
(8SCL-) 

1. Test Cond i t ions  

SCT Tempeg,ture, OC (OF) 
LC-Fining Temperature, OC (OF) 
Coal Space V e l o c i t y  t o  SCT, Kg/Hr/M3 
Solvent/Coal Ut .  R a t i o  
Resid/Coal W t .  R a t i o  

11. Test Resu l ts  

Coal Conversion. W t . %  MAF 
524OCt (975Ft) Conversion, W8.X 
Net D i s t i l l a t e  Y ie ld ,  Kg 524 C- / lo0  Kg 524OC+ 
Desu l fu r i za t i on ,  % 
Deni t rogenat ion,  % 
Resid Demeta l l i za t ion ,  % 
Preasphaltenes Concentrat ion,  % 

- 9 

449 (840) 
432(810) 

3400 
1.5 
1.5 

96.0 
75.8 
58.1 
82.5 
71.7 
76.0 

1.7 

- 10 

449(840) 
416 (780) 

3400 
1.5 
1.5 

93.8 
67.3 
55.9 
75.7 
55.0 
72.0 

1.5 

- 11 

449(840) 
404(760) 

3400 
1.5 
1.5 

93.7 
58.4 
48.3 
66.0 
43.0 
59.0 

1.9 

(1) Feedstocks: P i t t s b u r g h  seam coal  ; Prehydrotreated 524OC+ Athabasca r e s i d  

(2) Solvent:  524OC- gas o i l  c h a r a c t e r i s t i c  o f  a coa l -der ived  recyc le  
so lvent  produced i n  LCI 's ITSL PDU d u r i n g  Wyodak coal  
opera t ions  

137 atm; 360 M3 H2/M3 feed (3) SCT Cond i t ion :  

(4) LC-FininqSm 
Condit ions:  She l l  324M ca ta l ys t ;  137 atm; 0.4R hr-'; 530 M3 H,/M3 feed 
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TABLE 2 

EFFECT OF SOLVENT OUALITY AN0 SOLVENT/COAL RATIO ON CLOSE-COUPLE0 
CO-PROCESSING PERFORMANCE 

SUMMARY OF TEST CONDITIONS AND RESULTS 

- 9 - 21 - 20 Run No. 

I .  Test Condi t ions 

Solvent/Coal U t .  R a t i o  
Coal/Resid U t .  Ra t io  
Coal S l u r r y  Concentrat ion, Ut.% 

(BSCL-) 

1.5 
0.67 

25.0 

100 
0 

449 (840) 
432(810) 

3400 

96.0 
75.8 
58.1 
82.5 
71.7 
76.0 

1.7 

1.0 
0.50 

25.0 

100 
0 

449(840) 
432(810) 

3400 

93.4 
66.2 
51.0 
75.0 
65.0 
69.0 

2.2 

1.5 
0.67 

25.0 

40 
60 

449(840) 
432(810) 

3400 

94.2 
64.2 
46.0 
77.2 
67.1 
71.0 
2.0 

524OC- Solvent  Comoosition. Ut.% 

ITSL* 
Petroleum Gas O i l * *  

SCT Tempejdture, OC (OF) 
LC-Fining Temperature, OC (OF) 
Coal Space V e l o c i t y  t o  SCT, Kg/Hr/M3 

11. Test Resul ts  

Coah Conversion, Wt.% MAF 
524 C t  (975Ft) Conversion, W h . %  
Net D i s t i l l a t e  Yield, Kg 524 C-/ lo0 Kg 524OCt 
Desul f u r i z a t i o n ,  % 
Deni t rogenat ion,  % 
Resid Demeta l l izat ion,  % 
Preasphaltenes Concentrat ion, % 

* 
** 

1. Feedstocks: P i t t sbu rgh  seam coal  ; prehydrot reated 524OCt 

524OC- gas o i l  c h a r a c t e r i s t i c  o f  a coa l -de r i ved  r e c y c l e  so l ven t  produced i n  
LCI's ITSL PDU d u r i n g  Wyodak coal operat ions.  
524OC- gas o i l  c Q g r a c t e r i s t i c  o f  a pet ro leum-der ived r e c y c l e  so l ven t  produced 
d u r i n g  LC-Fining o f  v i r g i n  Athabasca bitumen. 

Athabasca r e s j d  
2. SCT C o n d i t i m s :  137 atm; 360 M H2/M3 feed 
3. LC-Fininq" 

Condi t ions:  She l l  324M c a t a l y s t ;  137 atm; 0.4R Hr-'; 530 M3 H2/M3 feed 
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Figure 1. SCHEMATIC OF LCI CO-PROCESSING CONCEPT WITH HYDROCRACKED PETROLEUM RESIDUA 
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F igure 2. SCHEMATIC OF LCI CO-PROCESSING CONCEPT WITH VIRGIN PETROLEUM RESIDUA 
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ABSTRACT 

Coprocessing involves the conversion of coal and heavy oil in the presence of 
hydrogen to products that can be further upgraded into commercial fuels; the up- 
grading can be carried out in an existing refining operation. This relatively new 
concept eliminates or significantly reduces the need for expensive solvent 
recycle, and thus has the potential for improved economic performance over current 
direct coal liquefaction processes. 

A simulation of a single-stage coprocessing pilot plant involving the simultaneous 
conversion of resid and coal has been carried out using the ASPEN PLUS simulator. 
Limited experimental data were available for only one run, and results should be 
considered preliminary. The Assay Data Analysis and Pseudocomponent Correlation 
System of ASPEN PLUS has been used to develop a set of pseudocomponents for coal/ 
resid liquids and to estimate corresponding physical and thermodynamic properties. 
Correlations based on coal liquids and petroleum liquids have been utilized. For 
some process equipment, petroleum liquids correlations are better than coal 
liquids correlations. Testing for the presence of a free water phase and the 
treatment of heavy resid as a single high-boiling pseudocomponent has improved 
simulator performance. 

INTRODUCTION 

Serious research efforts are under way to develop alternative energy sources in 
order to prevent petroleum supply disruptions from having adverse impact upon the 
economy of those countries dependent on external supplies of petroleum. During 
the last twenty years, considerable work has been done in attempts to understand 
the scientific and technological applications of coal conversion schemes for pro- 
duction of liquid fuels to supplement dwindling petroleum reserves. A relatively 
new concept addressing this issue involves coprocessing heavy oil with relatively 
low-cost coals to produce liquid distillates. A review of coal-oil coprocessing 
technology has been given by Cugini [ l ] .  This review addresses the state of the 
technology, and several important research efforts required to advance the tech- 
nology beyond the current level of knowledge. One important area of research 
required to improve understanding of coprocessing technology is the characteriza- 
tion of the heavy nondistillable feedstock and product oils. Estimations of 
physical and thermodynamic properties of feedstock and product oils are required 
to design the commercial reactor and the product separation train and to estimate 
material flows and compositions for internal and external streams of the coproces- 
sing plant. 

There are several sources of information related to coprocessing of coal and heavy 
oil in bench-scale and pilot-plant operations [2-41. However, insufficient infor- 
mation is given in these reports to properly characterize the thermodynamic and 
physical properties of the liquid products as a function of operating conditions. 
Coal and heavy oil coprocessing in a continuous bench-scale plant has recently 
been initiated at UOP, Inc. and the Signal Research Center, Inc. [51. The work 
related to this study has been described in sufficient detail to allow characteri- 
zation of the products. The present effort describes the results of a simulation 
of the single-stage coprocessing bench-scale unit at Signal Research Center, Inc., 
using the ASPEN PLUS simulator to determine physical and thermodynamic properties 
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of the liquid products. This bench-scale work forms a preliminary basis to 
conduct process modeling studies for a range of operating conditions used with 
this concept. 

EXPERIMENTAL. 

The simulation studies were based on one catalytic coprocessing run at the UOP 
pilot plant (Figure 1). Two parts of Lloydminster resid to one part of Illinois 
No. 6 coal constituted the feed. The Lloydminster resid was fractionated so that 
95% of the resid consisted of 950°F+ material. Total feed rate to the reactor was 
3.75 lb in 12 hours. Coal conversion defined as toluene insolubles was 86%. 
Operating conditions for the separators include the following: high-pressure 
separator--temperature = 3020F, pressure = 3114.7 psia; three-phase separator-- 
temperature = 860F, pressure = 3014.7 psia; low-pressure separator--temperature = 
2840F, pressure = 19.7 psia; debutanizer--temperature = 43OF, pressure = 17.7 
psia; vacuum fractionator--temperature = 6080F, pressure = 0.94 psia. The 
effluent from the low-pressure separator and gases from the vacuum pump are sent 
to the debutanizer, where c6+ material is condensed and off-gases are sampled. 
The vacuum fractionator is a packed column that operates with an overhead reflux. 
Dimensions of the debutanizer and vacuum fractionator towers and of their packing 
were not available. For lack of better information on the number of equivalent 
theoretical plates in the debutanizer and vacuum fractionator, simulations for 
both units were performed as simple flash calculations. 

Experimental values were available for the three-phase separator vapor stream, the 
debutanizer vapor stream, the vacuum fractionator bottoms, and a combined composi- 
tion for the vacuum fractionator overhead and debutanizer bottoms. Gas phase com- 
ponents were analyzed by gas chromatography. Boiling point distributions were 
obtained by gas chromatographic simulated distillation. 

FLOWSHEET SIMULATION IUXHODOLOGY 

The ASPEN PLUS simulator [61 has been used for the flowsheet analysis of the sepa- 
rator system downstream from the reactor in the UOP coprocessing pilot plant 
(Figure 1). ASPEN PLUS was originally designed for the analysis of fossil fuel 
conversion processes, although it has proven useful for many process industries. 
It has been used to develop a reference data base system of thermophysical 
properties of coal liquids needed for vapor-liquid equilibrium and for heat and 
material balance calculations [2], and to simulate the preliminary separator 
system downstream from the reactor in the SRC-I1 coal liquefaction process [ T I .  

A preliminary step in the simulation process is the development of an ASPEN flow- 
sheet. Figure 2 represents the ASPEN flowsheet for the separator system following 
the reactor in the coprocessing pilot-plant flow diagram in Figure 1. The outlet 
stream from the reactor is the process feed stream for the simulation. The five 
separators include a high-pressure separator, a three-phase separator, a low- 
pressure separator, a debutanizer, and a vacuum fractionator. All are modeled as 
flash units where vapor-liquid equilibrium calculations are performed to produce 
vapor and liquid outlet streams. Mixer units are used to combine material streams 
into one stream. Names associated with the streams, and unit operation models for 
ASPEN identification purposes are designated in Figure 2. 

Thermophysical properties used for the simulations were based on three ASPEN PLUS 
option sets. The option set used for lighter components up to c6 is based pri- 
marily on the Redlich-Kwong-Soave thermophysical model. Heavier components were 
analyzed using the ASPEN PLUS Assay Data Analysis and Pseudocomponent Correlation 
System for petroleum liquids and coal liquids. Standard API procedures were used 
for the petroleum liquids thermophysical models, and correlations developed pri- 
marily at Aspen Technology, Inc., were used for the coal liquids thermophysical 
models. From assay analyses of the vacuum fractionator process streams, a set of 
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20 pseudocomponents was developed to  represent t he  heavier components; each 
pseudocomponent represents  about a 50°F cut  of l i qu id  d i s t i l l a t e .  Since t h e  
process feed stream included both coal and petroleum l iqu ids ,  separate  simulation 
runs were made where thermophysical propert ies  f o r  each pseudocomponent were 
analyzed using the  co r re l a t ion  option s e t  for  coal l i qu ids  and the s e t  , for  
petroleum l iqu ids .  Comparisons have been made fo r  t he  performance of each option 
s e t .  

RESULTS AND DISCUSSION 

The composition f o r  t he  process feed stream t o  the high-pressure separator  is 
estimated from experimental product s l a t e s  fo r  t he  vacuum f rac t iona to r ,  t he  
debutanizer, and t h e  three-phase separator (see Table 1). Gases and iden t i f i ed  
compounds range from H Z  t o  pentane. Liquid d i s t i l l a t e s  a r e  represented a s  pseudo- 
components and range from an average boiling point of l l l°F to 1091OF (pseudo- 
components a r e  prefaced by PC and followed by the  average boi l ing point of t he  
approximately 50°F c u t ) .  The i n i t i a l  boi l ing point (IBP) of the l i qu id  d i s t i l l a t e  
is 69.80F. For conciseness i n  the presentation of results, the pseudocomponents 
have been expressed as four d i s t i l l a t e  f r ac t ions  (see Table 2 ) .  

TABLE 1. Process Feed Stream Composition for High Pressure Separator 

Components' Flows ( lb/hr)  Components* Flows ( lb/hr)  

H t  0.0593 PC428 0.0075 
co 0.0051 PC477 0.0168 
HzS 0.0552 PC525 0.0163 
CH + 0.0637 PC575 0.0163 
C 2 H 6  0.0364 PC625 0.0167 
CsHe 0.0255 PC675 0.0174 
C I H i o  0.0105 PC725 0.0158 
I-C~HI o 0.0028 PC774 0.0139 
CsHi z 0.0034 PC825 0.0128 
I-CSHIZ 0.0034 PC876 0.0113 
HzO 0.0108 PC924 0.0113 
PClll 0.0052 pc973 0.0048 
PC176 0.0017 PC1022 0.0034 
PC226 0.0020 PC1091 0.0503 
PC276 0.0025 Ash 0.0108 
PC327 0.0041 Unconverted Coal 0.0135 
PC376 0.0053 Nondist i l la te  Sol ids  0.0456 

*Pseudocomponents are 50°F cu t s  and a r e  represented by PC followed by the  average 
boiling point .  

TABLE 2. Process Feed Stream D i s t i l l a t e  Fractions Expressed as Pseudocomponents. 
~ 

Dis t i l l a t e  Fraction Pseudocomponent Range Flows ( lb/hr)  

IBP-3500F PC111-PC327 0.0155 
350°-4500F PC376-PC428 0.0128 
45O0-95OOF PC477-PC924 0.149 
9500F+ PC973-PC1091 0.0585 

\ 
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Three-phase SeDarator 
For the three-phase separator overheads, the effect of the correlation option is 
given in Table 3. There is some improvement using the petroleum-liquids option 
set. Use of the coal-liquids option set results in an overall error for total 
mass flow of overhead of 1.862, and the petroleum-liquids option set results in an 
error of 0.73%. 

TABU 3. Comparison of Calculated and Experimental Overhead Flows (lb/hr) for the 
Three-phase Separator as a Function of Physical Properties Calculations Method 

Correlation Option Set 
Components Coal Liquids Petroleum Liquids Experimental 

Hz 0.0591 0.0589 0.0587 
co 0.0051 0.0051 0.00513 
HIS 0.0516 0.0511 0.0498 
CH z 0.0629 0.0626 0.0621 
CZH6 0.0349 0.0346 0.0340 
CsHs 0.0233 0.0229 0.0225 
C*HIO 0.0086 0.0084 0.00849 
I-C~HI o 0.0024 0.0023 0.00212 
CSHI z 0.0023 0.0022 0.00263 
I-CSHI z 0.0025 0.0023 0.00263 

Debutanizer 
For the debutanizer overheads, the effect of the correlation option is given in 
Table 4. There is improvement using the petroleum-liquids option set. Use of the 
coal-liquids option set results in an overall error for total mass f low of over- 
head of 16.42, and the petroleum-liquids option set results in an error of only 
1.37%. 

TABLE 4. Comparison of Calculated and Experimental Overhead Flows (lb/hr) for 
the Debutanizer as a E’unction of Physical Properties Calculations Method 

Correlations Options Set 
Components Coal Liquids Petroleum Liquids Experimental 

2.31 x lo-’ 
2.79 1 0 - ~  
3.5 io-’ 
7.84 x lo-’ 
1.4 1 0 - ~  
2.1 io-’ 
1.5 x lo-: 
3.34 x 10- 
6.15 x lo-: 
6.10 x 10- 
1.05 x lo-’ 

3.91 x lo-* 
4.59 1 0 - ~  
3.9 x lo-’ 
1.1 x lo-’ 
1.8 x lo-’ 
2.5 x io-’ 
1.8 x lo-; 
4.02 x 10- 
7.41 x lo-* 
7.31 x lo-* 
1.35 x lo-’ 

6.09 x io-* 

2.35 x 1 0 - ~  

-- 
-- 

1.60 x lo-’ 
2.96 x lo-: 
1.95 x 10- 
6.51 x lo-* 
8.08 x lo-* 
8.08 x lo-’ 
2.88 x lo-’ 

Vacuum Fractionator 
As a measure of simulation adequacy, total vapor and, liquid flows computed by 
simulation were compared with experimental data. Total mass flow of overhead and 

I 
i 
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bottoms is less sens i t i ve  to  the number of t heo re t i ca l  s tages  than a re  the 
individual d i s t i l l a t e  f rac t ion  flows. The e f f ec t  Of the cor re la t ion  option s e t  
(coal-l iquids vs. petroleum-liquids) on the  vacuum f rac t iona tor  simulation perfor- 
mance was determined. Since simulated d i s t i l l a t e  flows were in  considerable d is -  
agreement with experimental values f o r  the  reported operating pressure of 0.94 
psia ,  additional simulation r u n s  were made t o  observe the e f f e c t  of assumed column 
pressures. For the petroleum-liquids option s e t ,  a value of 4.5 ps ia  gave the 
best  match of ca lcu la ted  t o t a l  overhead and bottom flows to  experimental flows. 
Correspondingly, a value of 6.0 p s i a  was found f o r  t h e  coal-l iquids option s e t .  
Given tha t  the  reported column pressure,  0.94 psia ,  is c loser  t o  4.5 psia than to  
6.0 psia, t h i s  result gives ail ind i r ec t  ind ica t ion  tha t  t h e  petroleum-based option 
s e t  better describes the  experimental system. The ac tua l  operating pressure for  
the vacuum f rac t iona to r  was known t o  increase above 0.94 ps ia  during the experi- 
mental run, but no information is ava i l ab le  a s  t o  the extent of increase.  The 
r e su l t s  f o r  the flows of the  d i s t i l l a t e  f r ac t ions  a r e  presented i n  Tables 5-7. 
Table 5 represents r e s u l t s  f o r  vacuum bottoms flows, and Table 6 ,  f o r  vacuum over- 
head flows (ca lcu la ted  vacuum overhead flows a l s o  include values f o r  debutanizer 
bottoms flows i n  order to agree with experimental measurements). Table 7 gives a 
comparison of t h e  pressure and cor re la t ion  option s e t  in  terms of an  overa l l  per- 
centage e r ro r  f o r  both bottoms and overhead a t  the  operating pressure of 
0.94 psia. Use of the petroleum-liquids option s e t  gives be t te r  agreement, 
although the percentage of e r ror  r e l a t i v e  t o  experimental e r ro r  is still 
considerable. 

TABLE 5. Comparison of Calculated and Experimental Vacuum Bottoms Flows ( l b h r )  
as a Function of Physical Properties Calculation k t h o d  and System Pressure 

P = 6.0 psia 

Petroleum Liquids 

P = 0.94 psia 

P = 4.5 psia 

~ ~ 

Boiling Point 
Correlation Option Se t  Range, OF Calculated Exper imen t a l  

Coal Liquids 

P = 0.94 ps ia  IBP-350 1.52 x lo-' -- 
350-450 8.46 x 1 0 - ~  -- 

Total 3.80 x lo-' 1 . 1 1  x lo-' 

450-950 5.60 x lo-' 5.16 x lo-' 
950+ 3.24 x lo-' 5.92 x lo-' 

IBP-350 5.38 x 10-5  -- 
350-450 2.94 x lo-* -- 

Total 1.12 x 10-I 1 . 1 1  x 10- I  

450-950 5.41 x lo-' 5.16 x lo-' 
950+ 5.67 x lo-' 5.92 x lo-' 

IBP-350 4.92 x lo-' -- 
350-450 2.47 x 1 0 - ~  -- 

Total 6.78 x lo-' 1.11 x lo-' 

450-950 1.40 x lo-' 5.16 x lo-' 
950+ 5.38 x 10-2 5.92 x lo-' 

IBP-350 5.59 x 1 0 - ~  -- 
350-450 2.75 x io-' -- 
450-950 5.21 x lo-' 5.16 x lo-' 

950+ 5.79 x lo-' 5.92 x lo-' 
Total 1.10 x 10-1 1 .11  x lo-' 

220 



TABLE 6. Comparison of Calculated and Experimental Vacuum Overhead Flows (lb/hr) 
as a Function of physical Properties Calculation Method and System Pressure 

Boiling Point 
Correlation Option Set Range, OF Calculated Experimental 

Coal Liquids 
P = 0.94 psia 

P = 6.0 psia 

Petroleum Liquids 
P = 0.94 psia 

P = 4.5 psia 

IBP-350 1.07 x lo-' 1.34 x lo-' 
450-950 1.43 x lo-' 8.97 x lo-' 
3 5 0 - 4 5 0 1.28 x lo-' 1.90 x 10-2 

950+ 2.60 x lo-' 8.17 x 1 0 - ~  
Total 1.93 x lo-' 1.22 x 10-1 

350-450 1.25 x lo-' 1.90 x 
IBP-350 1.07 x lo-' 1.34 x lo-' 
450-950 9.38 x lo-' 8.97 x lo-' 
950+ 1.70 x lo-' 8.17 x 1 0 - ~  
Total 1.19 x 10-1 1.22 x lo-' 

IBP-350 1.05 x lo-' 1.34 x lo-' 
4 5 0 - 9 5 0 1.34 x lo-' 8.97 x lo-' 
350-450 1.28 x lo-' 1.90 x lo-' 
950+ 4.60 x lo-' 8.17 x 1 0 - ~  
Total 1.62 x lo-' 1.22 x lo-' 

350-450 1.25 x lo-' 1.90 x 10- 
IBP-350 1.05 x lo-' 1.34 x 10-i 

4 5 0 - 9 5 0 9.64 x lo-' 8.97 x lo-' 
950+ 5.08 x lo-' 8.i~ x 1 0 - ~  
Total 1.24 x lo-' 1.22 x 10-f 

TABLE 7. Comparison of Physical Properties Calculation Method on Vacuum 
Fractionator Effluent Stream Hass Flow Rates 

Correlation Option Set 
$ Error" 

Vacuum Bottoms Vacuum Overhead 
~~~ ~ ~~ 

Coal Liauids 

P = 0.94 psia 65.8 58.2 

Petroleum Liquids 

P = 0.94 38.9 32.8 
*Absolute value of (Calculated - Experimental)/Experimental. 

Effects of pressure and correlation option set on pseudocomponent composition for 
the vacuum fractionator are reflected in Figures 3-6. Figures 3 and 4 represent 
the effect on the vacuum bottoms stream, and Figures 5 and 6, the effect on the 
overhead stream. These figures indicate that the petroleum-liquids option set 
gives better values than the coal-liquids option set and that the effect of pres- 
sure is considerable. 
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Low Pressure Separator 
A temperature of 284OF was used for the operating condition of the low-pressure 
separator in the simulator. Since, experimentally, a temperature range of 2480F- 
2840F was given, it was decided to make a simulation run at the lower temperature 
to determine any effects of the assumed temperature on the effluent flow rates. 
Results for the lower temperature indicate only a small increase in bottoms flows 
of 1.3% and an decrease in overhead flows of 11.8%. 

Effect of Free Water Phase on the Debutanizer 
Simulations were carried out on the debutanizer to determine the impact of the 
presence of a free water phase (Table 8). Without the invocation of the option to 
test for the presence of free water, no distillate and only a small amount of 
lighter gases are predicted by the simulator to be present in the debutanizer 
bottoms. With the test for the presence of water invoked, the presence of a free 
water phase is confirmed, and results indicate a substantial increase in bottoms 
flow and a decrease in overhead. Both of these predictions agree with experiment, 
as shown in Table 8. All simulations have tested for the presence of a free water 
phase. 

TABLE 8. Effect of Treatment of Water on the Debutanizer Effluent Product 
Flows (lb/hr) 

Assumed Absence of Free Assumed Presence of Free 
Water Phase Water Phase 

Products Overhead Bottoms Overhead Bottoms Overhead 
Experimental 

Gases-Cs 6.93 x lo-’ 3.90 x 1.11 x lo-* 1.16 x lo-’ 1.18 x lo-* 
IBP-1500F 3.79 x lo-’ 0 1.05 10-3 4.86 IO-’) 
35003500~ i.53 x 10-3 0 1.08 10-7 iIi6 X 10-3 } 
450°-9500F 1.31 x 0 4.69 x lo-’ 8.46 x lo-* 2‘88 lo-’ 
950°F+ 1.02 10-7 0 0 6.52 x IO-~J 

TABLE 9. Effect of Treatment of Heavy Resid on Vacuum Bottoms 

Heaw Residue Treated as 
Solid Material Pseudocomponent 

Product (Flows, lb/hr) (Flows, lb/hr) 

Gases-Cs 
I BP-3500F 
350°-4500F 
450°-9500F 
950°F+ 
Nondistillate Solid 

0 
0 
0 
0 
0 

0.0456 

1.44 x 10-a 
1.52 x 
8.47 x lo-‘ 
3.25 x lo-‘ 

0 

5.59 1 0 - ~  

Effect of Treatment of Heavy Resid on Vacuum Bottoms 
The method of treatment of heavy resid has an impact on predicted composition and 
flow rate of vacuum bottoms as reflected in Table 9. The data are for the simula- 
tion of the vacuum fractionator at the pressure of 0.94 psia and using coal- 
liquids correlations. When the heavy resid is treated as a nondistillate solid, 
i.e., material with negligible vapor pressure, no distillates are predicted to 
appear in the vacuum bottoms. When the heavy resid is treated as a 1091°F pseudo- 
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component, distillate products are predicted in the bottoms. This treatment of 
the resid fraction corresponds to that of McKeegan and Klunder [ E l ,  who also 
assigned a single normal boiling point to the nondistillate material in their 
simulation of the separator system in the SRC-I1 coal liquefaction process 
(although they used a much higher temperature). The plot in Figure 4 for P 0.94 
psia, as well as for P = 6.0 psia, reflects the presence of heavy resid treated as 
the 10910F pseudocomponent. These plots are in line with the experimental obser- 
vation of the presence of significant amounts of liquid distillate product in the 
vacuum bottoms stream. All simulation results for the vacuum fractionator pre- 
sented in Tables 5-7 and Figures 3-6 have treated the -heavy resid as a 1091OF 
pseudocomponent. 

CONCLUSIONS 

The very preliminary results reported here indicate that the use of petroleum- 
liquids correlations may result in an improvement over coal-liquids correlations 
in the simulation of the coprocessing of Lloydminster with Illinois No. 6 coal. 
Agreement between simulation and experiment is improved by using a higher assumed 
pressure than the experimental pressure for the vacuum fractionator, by treating 
the presence of water as a free water phase, and by treating the heavy resid as 
109l0F distillate rather than an inert solid material. It is necessary to obtain 
better definition of the separation equipment used and the operating conditions 
employed, and to acquire a larger data set in order to evaluate the present 
capability for simulating the separation steps in coprocessing. 
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AVERAGE PSEUDOCOMPONENT BOILING POINT, O F  
Figure 3 -Composition of Vacuum Bottoms Pseudocomponents Using Petroleum 
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Figure 4 - Composition of Vacuum Bottoms Pseudocomponents Using Coal 
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D.A. Huber. Q. Lee and R.L. Thomas K. F rye  and G. Rudins 

Burns and Roe 
Oradell, NJ 

07649 

U.S. DOE 
Germantown, MD 

20585 

Abstract  

Among t h e  promising new techniques t o  produce l i q u i d  hydrocarbon f u e l s  from coa l  i s  
coal/petroleum coprocessing based upon the  use o f  heavy o i l ,  t a r  sand bitumen and 
petroleum res idua as "solvents" f o r  the  conversion o f  coal .  Coprocessing i s  the  
simultaneous hydrogenation o f  coa l  and heavy o i l  f r a c t i o n s  i n  s p e c i a l l y  designed 
reac tors  w i t h  coa l  contents by weight ranging from as low as 1% t o  p o t e n t i a l l y  as 
h igh  as 50-60% depending upon t h e  technology employed. The r e s u l t s  o f  a study on 
the p o t e n t i a l  f o r  coa l / res idua l  o i l  coprocessing i n  the  Uni ted States are addressed 
i n  t h i s  paper. 

I n t r o d u c t i o n  

Economics, the  d e s i r e  f o r  l e s s  dependence upon the  impor ta t ion  o f  f o r e i g n  o i l ,  and 
the  dep le t ion  o f  l i g h t e r  crudes i n  the  Un i ted  States has l e d  t h e  r e f i n i n g  indus t ry  
t o  process heavier crudes and bitumens. Upgrading and conver t ing  these heavy o i l s  
t o  d i s t i l l a t e  l i q u i d s  us ing  convent ional  petroleum thermal cracking, c a t a l y t i c  
cracking and/or hydrocracking technologies has requ i red  the  i n s t a l l a t i o n  o f  c o s t l y  
equipment t o  handle the heavier o i l s .  
evidence t o  suggest t h a t  heavy o i l  converts more r e a d i l y  i n  the  presence o f  coa l  and 
t h a t  s i g n i f i c a n t  demeta l l i za t ion ,  d e s u l f u r i z a t i o n ,  d e n i t r i f i c a t i o n  and conversion o f  
asphaltenes t o  o i l s  a lso  occurs. Thus t h e  simultaneous conversion o f  coa l  and 
petroleum heavy o i l  f r a c t i o n s  t o  produce d i s t i l l a t e  l i q u i d  products w h i l e  upgrading 
the remaining heavy o i l  m e r i t s  f u r t h e r  i n v e s t i g a t i o n .  This type  o f  process, termed, 
c o a l / o i l  coprocessing has t h e  p o t e n t i a l  f o r  being an e f f e c t i v e  method f o r  conver t ing  
coal t o  l i q u i d s  and f o r  in t roduc ing  coal  l i q u i d s  i n t o  the  market p lace  i n  a cos t  
e f f e c t i v e  evo lu t ionary  manner w h i l e  g r e a t l y  reducing the  c a p i t a l  investment 
associated w i t h  the  h i s t o r i c a l  approach f o r  e s t a b l i s h i n g  a l i q u e f a c t i o n  indus t ry .  
Among t h e  a d d i t i o n a l  p o t e n t i a l  b e n e f i t s  f o r  the  implementation and u t i l i z a t i o n  o f  
the  coprocessing concept are: 

There e x i s t s  i n  the  l i t e r a t u r e  s u f f i c i e n t  

Prov is ion  o f  a l i n k  o r  b r idge between present day r e f i n i n g  technology and a 
t o t a l  coal based syn fue ls  indus t ry .  

Improved economics compared t o  d i r e c t  coal  l i q u e f a c t i o n  due t o  smal le r  p l a n t  
sizes, due t o  lower hydrogen requirements and t h e  e l i m i n a t i o n  o f  t h e  use o f  
process der ived  so lvent  recycle.  

Residuum demeta l l i za t ion ,  improved product y i e l d s  and mix. 

Min imiza t ion  o f  t h e  product ion o f  gases and undesirable by-products; such as 
h igh  s u l f u r  coke. 

Continued use o f  the  U.S. hydrocarbon f u e l  i n f r a s t r u c t u r e .  

A means o f  extending petroleum reserves by  reducing crude u t i l i z a t i o n  
requirements. 
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Coprocessing Schemes 

The coprocessing schemes under considerat ion are genera l l y  an extension o f  two-stage 
coal  l i que fac t i on  and a p p l i c a t i o n  of residuum hydrocracking technology. I t  has been 
recognized t h a t  a p o s s i b l e  synergism e x i s t s  between coal  der ived 1 i qu ids  and 
petroleum der i ved  res idua.  Coprocessing improves the  q u a l i t y  o f  syn the t i c  l i q u i d  
fue l  products from coal  by d i l u t i n g  them d i r e c t l y  w i t h  petroleum-derived l i q u i d s .  
Coal l i q u i d s  con ta in  a much h ighe r  p ropor t i on  o f  aromatics compared t o  conventional 
petroleum-derived l i q u i d s ,  and the  non-aromatic p o r t i o n  tends t o  be naphthenic 
r a t h e r  than p a r a f f i n i c .  Coal l i q u i d s  con ta in  s i g n i f i c a n t  amounts o f  h igh l y -po la r  
compounds, and asphaltenes, b u t  a r e l a t i v e l y  low amount o f  s u l f u r  conta in ing 
compounds. 

Fur ther ,  petroleum-derived naphtha, i s  low i n  n i t rogen  and oxygen. 
naphtha, on t h e  o the r  hand, has h ighe r  n i t r o g e n  and oxygen contents, i s  eas ie r  t o  
reform, and has a h ighe r  octane number. 
petroleum-derived l i q u i d  can prov ide some p o s i t i v e  impacts on the  o v e r a l l  product 
q u a l i t y .  

Broadly speaking, t h e  coprocessing processes can be d i v ided  i n t o  f o u r  categor ies:  

o Hydro -ca ta l y t i c  processes 
o E x t r a c t i v e  processes 
o Thermal processes ( n o n - c a t a l y t i c )  
o Hydro-thermal processes 

The f i r s t  category i nc ludes  HRI,  Lumnus, CANMET, UOP, Chevron and Kerr-McKee 
processes. 
s o l i d s  removal and deasphal t ing by Kerr-McGee, UOP and Lumnus. 
f a l l s  i n t o  t h e  thermal process category. The process cond i t i ons  are somewhat 
between those v i sb reak ing  and delayed coking. The Pyrosol process f a l l s  i n t o  the 
l a s t  category above and u t i l i z e s  a m i l d  hydrogenation o f  coal  and heavy o i l  i n  the 
f i r s t  stage. The second stage processes residuum under hydrogen pressure t o  
produce more o i  1. 

Coal-derived 

Thus, combining coal -der ived l i q u i d s  w i t h  

The second category inc ludes processing v a r i a t i o n s  incorporated f o r  
The Cherry-P-process 

Re f ine ry  I n t e g r a t i o n  Considerations 

Since the l a t e  1970's i n t e n s i v e  c a p i t a l  investments in ' res iduum upgrading and 
hyd ro t rea t i ng  capac i t y  have been made by the  r e f i n e r y  i n d u s t r y  f o r  t h e  conversion o f  
heavier  crude o i l  f r a c t i o n s  t o  gaso l i ne  and d i s t i l l a t e  fue l s .  A t  t h e  same time, the  
number of operat ing r e f i n e r i e s  i n  t h e  Uni ted States has decreased from 319 t o  191. 
As shown i n  F igu re  1, t h i s  decrease has been accomplished p r i m a r i l y  by the  deac- 
t i v a t i o n  o f  a number o f  low capac i t y  r e f i n e r i e s  operat ing i n  the  hydroskimning o r  
topping mode. The major  d r i v i n g  f o r c e  f o r  t h i s  real ignment i n  r e f i n i n g  capac i t y  has 
been l a r g e l y  due t o  a growing imbalance between the  residuum content  o f  ava i l ab le  
crude o i l  and a decrease i n  demand f o r  res idua l  f u e l  o i l .  Residual f u e l s  such as 
No. 6 Fuel O i l ,  Bunker C, etc., are by-products o f  r e f i n i n g .  As such, t h e i r  
product ion and a v a i l a b i l i t y  are based on the  demand f o r  t ranspor ta t i on  and d i s -  
t i l l a t e  fue l s .  Based upon da ta  i n  t h e  O i l  and Gas Journal, residuum processing 
(thermal and hydrocracking) capac i t y  as a percent  o f  o v e r a l l  r e f i n i n g  capac i t y  has 
e s s e n t i a l l y  increased 20% s ince  1980 t o  p rov ide  supply  e l a s t i c i t y  f o r  t he  changing 
res idua l  f ue l  demand, represent ing about 19% o f  the today 's  U.S. crude processing 
capacity. The f u t u r e  out look i s  f o r  t h i s  t rend  t o  cont inue as f u e l  o i l  i s  replaced 
by other  energy forms such as coal, nuc lear  and na tu ra l  gas. 
note t h a t  t h i s  process ing of t h e  heavy ends t o  y i e l d  prime products represents a 
reduct ion i n  the  amount o f  crude o i l  r equ i red  t o  meet gasol ine and d i s t i l l a t e  f u e l  
demand. Table 1 presents  a p r o f i l e  o f  t h e  Re f in ing  I n d u s t r y  i n  t h e  U.S. 
While coal l i q u e f a c t i o n  research and development has demonstrated s i g n i f i c a n t  
Progress i n  recent  years, i t  has no t  addressed the  fundamental causes f o r  t h e  h igh  

I t i s  impor tant  t o  
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cos t  o f  coal l i que fac t i on ,  t h e  h igh recyc le  o i l  requirements. I n  a l l  d i r e c t  
l i q u e f a c t i o n  processes coal  i s  s l u r r i e d  w i t h  a process der ived recyc le  o i l  a t  a 
m i c a 1  r a t i o  o f  2 : l  r ecyc le  o i l  t o  coal feed. Coprocessing o f  residuum and coal  
reduces t h e  h igh  cos t  associated w i t h  recyc le  o i l  by e l i m i n a t i n g  o r  reducing the  
requirements f o r  recyc le  o i l .  

Coprocessing hydrocracking technology was o r i g i n a l l y  developed f o r  processing heavy 
crude w i t h  coal  add i t i ves  as a means o f  i n h i b i t i n g  the  format ion o f  coke. The 
CANMET hydrocracking process i s  based upon t h i s  comcept. Th is  emerging technology 
shows promise o f  I]iqh demeta l l izat ion,  residuum hydrocracking, and h igh  conversion 
of t he  p i t c h  (975 F ) f r a c t i o n .  Coal add i t i ves  i nc lude  1.0 - 2.0 wt .% o f  f i n e  coal 
and fe r rous  su l fa te .  

I n t e g r a t i o n  o f  t he  CANMET type process i n i t i a l l y  t o  an e x i s t i n g  r e f i n e r y  and/or i d l e  
u n i t s  i s  a f i r s t  s tep toward u t i l i z a t i o n  o f  coal and heavy o i l s  ( p i t c h  and 
asphaltenes). 
stream may a l s o  be poss ib le  a t  lower coal concentrat ions.  

Coprocessing technologies t o  be inc luded i n  a staged approach are HRI,  Lumnus, and 
t h e  Cherry-P processes which can process up t o  50 w t . %  o f  coal  i n  heavy o i l  
f r a c t i o n .  

Implementation o f  coprocessing w i l l  l i k e l y  r e q u i r e  add i t i ona l  r e f i n e r y  hydrogen 
generation. 
and l i g h t  naphtha. Steam reforming i s  a w e l l  estab l ished and adopted method o f  
generat ing hydrogen. The expansion o f  re forming u n i t s  can be accomplished more 
e a s i l y  than i n t e g r a t i n g  g a s i f i c a t i o n  u n i t s  i n t o  r e f i n e r i e s .  

Hydros tab i l i za t i on  o f  product d i s t i l l a t e s  are incorporated i n t o  a r e f i n e r y  t o  
prov ide hydrotreatment and product s t a b i l i z a t i o n  p r i o r  t o  d i s t r i b u t i o n  ou ts ide  the 
r e f i n e r y  complex. 
r e f i n e r y  u t i l i z i n g  coprocessing der ived l i q u i d s .  

The i n t r o d u c t i o n  o f  coal/residuum coprocessing w i l l  tend t o  reduce crude r e -  
quirements. The ex ten t  o f  reduc t i on  w i l l  be d i c t a t e d  by market demands as we l l  as 
product y i e l d s  and q u a l i t i e s  o f  t he  coprocessing d i s t i l l a t e  l i q u i d s .  Other 
p o s i t i v e  f a c t o r s  are 1 )  t h e  use o f  e x i s t i n g  r e f i n e r y  and i n f r a s t r u c t u r e ,  2 )  b e t t e r  
economics than d i r e c t  l i que fac t i on ,  3 )  compa tab i l i t y  w i t h  the  use o f  heavier  crudes, 
and 4)  t h e  c a p a b i l i t y  o f  i n s t a l l i n g  a coprocessing u n i t  independently from e x i s t i n g  
r e f i n e r y  operations. 

A once through process arrangement w i thou t  t he  use o f  a recyc le  

This w i l l  probably be based upon steam reforming o f  hydrocarbon gases 

Fu r the r  pretreatments f o r  heteroatom removal may be requ i red  i n  a 

Po ten t i a l  Coal Requirements 

An est imate o f  t he  p o t e n t i a l  coal requirements f o r  c o a l / o i l  coprocessing f o r  the 
general r e f i n e r y  types i n  t h e  Uni ted States i s  presented i n  Table 2. 
capac i t i es  represent  an upper l i m i t  f o r  t h e  a p p l i c a t i o n  o f  coa l / res idua  coprocessing 
as f u e l  o i l  product ion was assumed t o  be zero. I t  was a l so  assumed t h a t  CO- 
processing i s  more economic than vacuum d i s t i l l a t i o n  (both cases are h i g h l y  
u n l i k e l y ) .  Based upon a 1985 product ion capac i t y  o f  890 m i l l i o n  tons o f  coal i n  the 
U.S.; coa l  producing capac i t y  would have t o  increase by one- th i rd  i f  the  upper 
l i m i t s  o f  coal / res idua coprocessing were achieved. 

The most l i k e l y  near term app l i ca t i on  f o r  c o a l / o i l  coprocessing appears t o  be f o r  
residuum conversion capac i t y  add i t i ons  t o  low conversion r e f i n e r i e s  t o  improve 
p r o f i t a b i l i t y  and t o  h i g h  conversion r e f i n e r i e s  t o  p rov ide  t h e  c a p a b i l i t y  f o r  
handl ing f u t u r e  feedstocks w i t h  i nc reas ing l y  h igher  residuum content. 
i s  based on the  assumption t h a t  present  t rends toward a heavier  crude feedstocks and 
l i g h t e r  reduced f u e l  o i l  requirements w i l l  continue. 
c i t y ,  average s i z e  Hydroskimming o r  Topping and High Conversion R e f i n e r i e s  

These 

This  premise 

I n  terms o f  r e f i n e r y  capa- 
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processing 25,000 and 150,000 bbl/day o f  heavy crude (25' A P I ) ,  r espec t i ve l y ,  w i l l  
r equ i re  approximately 850 and 4,000 tons/day o f  coal, respect ive ly ,  when 
coprocessing a t  s l u r r y  concentrat ions o f  50%. 
e x i s t i n g  t r a n s p o r t a t i o n  and handl ing experience f o r  coal  f i r e d  i n d u s t r i a l l u t i l i t y  
b o i l e r  app l i ca t i ons .  

These coal  capac i t i es  a re  wel l  w i t h i n  

Process Economics 

While the d e t a i l e d  engineer ing requi red t o  develop d e f i n i t i v e  coprocessing economics 
was beyond the  scope o f  t h e  e f f o r t ,  t h i s  paper would n o t  be complete w i thou t  
present ing some guide l ines.  
p l a n t  with a residuum throughput o f  10,000 bbl /day (600-700 tons/day o f  coa l )  t o  a 
r e f i n e r y  (F igure 2 )  i s  est imated t o  cos t  of t h e  order o f  fl70MM. 
coal  hand1 ing  and preparation, coal/residuum conversion and allowances f o r  
hydrocarbon steam re fo rm ing  f o r  hydrogen generat ion ( -  40% o f  t he  cost ) .  Land and 
owner costs  a re  no t  i nc luded  i n  t h e  estimate. 
actua l  costs  a r e  r e f i n e r y  s p e c i f i c  and w i l l  va ry  g rea t l y ,  depending upon t h e  
adequacy and a v a i l a b i l i t y  o f  r e f i n e r y  u t i l i t y  systems and the degree o f  i n t e g r a t i o n  
capabi 1 i t y .  

Oevel opment Program Requirements 

For  t h i s  purpose, t h e  i n s t a l l a t i o n  o f  a coprocessing 

This cos t  inc ludes 

I n  addi t ion,  i t  must be stressed t h a t  

A p o t e n t i a l l y  broad v a r i e t y  o f  coals  and petroleum res idua  are candidates f o r  
coprocessing. 
bench scale experiments t o  de f i ne  product q u a l i t y .  I n  addi t ion,  b e t t e r  
cha rac te r i za t i on  o f  hydrogen requirements are requ i red  t o  improve economies. These 
data are requ i red  t o  f a c i l i t a t e  t h e  design and i n t e g r a t i o n  o f  coprocessing u n i t s  
i n t o  e x i s t i n g  r e f i n e r i e s .  

The p r o p e r t i e s  o f  these feedstocks w i l l  have t o  be i nves t i ga ted  i n  

Conclusions 

Although continued Research and Development are requ i red  t o  de f i ne  product  q u a l i t y  
and y ie lds ,  coprocessing o f  coal  and res idua l  o i l  shows promise. I t  i s  an t i c ipa ted  
t h a t  i n i t i a l  a p p l i c a t i o n  o f  coprocessing w i l l  i n v o l v e  t h e  u t i l i z a t i o n  o f  small 
amounts of coal (1-2 wt.%) i n  e x i s t i n g  r e f i n e r i e s .  This w i l l  be fo l lowed by 
demonstration u n i t s  (10,000-15,000 bbl/day) u t i l i z i n g  a staged approach, processing 
30-40 wt .% coal. Commercial u n i t s  should be able t o  process up t o  50-60 w t . %  coal 
and w i l l  be i n teg ra ted  i n t o  h igh  and low conversion r e f i n e r i e s  us ing  vacuum res idua 
as feedstocks and t h a t  t h e r e  i s  a p o t e n t i a l  f o r  t he  i n s t a l l a t i o n  o f  upwards o f  100 
u n i t s  o f  10-15,000 bbl/day capaci ty .  
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TABLE 1 

OIL R E F I N I N G  PROFILE (CONTINENTIAL USA) 

Low High Spec ia l t y  
Hydroskimming Conversion Conversion Plants  

Number o f  
Re f ine r ies  24 59 61 41 

Capacity, 
K BBLlday 560 4,685 9,215 475 

% Capacity 4 31  62 3 

Operate, % 30 25 90 Low 
Major 's  

Source - O i l  and Gas Journal 

TABLE 2 

IMPACT OF CONVERSION OF E X I S T I N G  REFINERY 
CAPACITY TO ADVANCE0 COP ROCESSING OF FUTURE HEAVY CRUDES 

Coal Consumption, MMTY 

Feedstock 

E x i s t i n g  Re f ine ry  Type Atmospheric Residuum Residuum 

Hydroskimning 9 - 11 3 -  6 

Low Conversion 

High Conversion 

74 - 94* 

146 - 185* 

229 - 290 

* Requires Shutdown o f  E x i s t i n g  Un i t s  
- -Pr ime App l i ca t i on  f o r  Coprocessing 

58 - 99* 

91  - 155 

231 



FIGURE 1 

I DISTRIBUTION O F  REFINERIES BY SIZE j 
I 1980 to 1985 

I THOUSAND BARRELS PER DAY 

FIGURE 2 
FLOW DIAGRAM 

HIGH CONVERSION REFINERIES WITH COPROCESSING 

-- 
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CHEMICAL AND TOXICOLOGIC CHARACTERIZATION OF CO-PROCESSlh% AND 
TWO-STAGE DIRECT COAL LIQUEFAcIlON MATERIALS 

Cherylyn W. Wright, Dorothy L. Stewart, D. Dennis Mahlum, 
Edward K. Chess, and Bary W. Wilson 

Pacific Northwest Laboratory 
P. 0. Box 999 

Richland, WA 99352 

Research and development of advanced coal liquefaction technology is being supported by the U.S. 
Department of Energy (DOE) as a means of utilizing domestic supplies of coal to produce petroleum- 
substitute fuels. As a component of this effort, the U.S. DOE has supported the chemical analyses v d  
toxicological evaluations of coal conversion products and internal process materials to assess the potenhal 
health effects and industrial hygiene concerns associated with coal liquefaction technology. 

Recent advances in coal liquefaction have included two-stage direct coal liquefaction processes and 
petroleum residkoa1 co-processing technology. Two-stage coal liquefaction processes are generally 
comprised of a first-stage thermal or liquefaction reactor followed by a second-stage hydrogenation step. 
Petroleum resids and coal are simultaneously converted to liquefaction products in co-processing 
technology. The purpose of this paper is to report the preliminary results of the chemical analysis and 
toxicological testing of a coal liquefaction co-processing sample set, and to compare. these results to those 
obtained from two-stage coal liquefaction materials. 

SAMPLES 

Samples for comparative chemical analysis and toxicological evaluation were provided from the 
proprietary UOP, Inc. co-processing technology (Des Plaines, Illinois) and the integrated, non-integrated, 
reconfigured integrated, and close-coupled reconfigured integrated two-stage coal liquefaction processes 
(ITSL, NTSL, RITSL, and CCRITSL respectively) from the Wilsonville Advanced Coal Liquefaction 
Research and Development Facility (Wilsonville, Alabama) operated by Catalytic, Inc. A summary is 
contained in Table 1 of the co-processing samples received from UOP, Inc. and the two-stage coal 
liquefaction materials analyzed for comparative purposes. Since the samples provided were from pilot 
plant or bench-scale advanced coal liquefaction origins, they may not necessarily be representative of 
materials produced on a commercial basis. 

A description of the proprietary UOP, Inc. catalyzed, slurry, single-stage coal liquefaction co- 
processing technology has been given by Gatsis, et al. (1). ITSL and NTSL processes have been 
described by Later (2). For a brief overview of the RlTSL and CCRlTSL, see Gough et a1 . (3). 

EXPERIMENTAL 

Samples were chemically characterized by chemical class fractionation, gas chromatography, gas 
chromatography-mass spectrometry, and low-voltage probe-inlet mass spectrometry. Toxicological 
activity was measured using the standard histidine reversion microbial mutagenicity test and an 
initiatiodpromotion assay for mouse skin tumorigenesis. A brief description of these methods follow. 

-Class F ~ a X x m t m  

Samples were fractionated according to the method described by Later er a1 . (4) and Later and Lee ( 5 )  
by sequential elution of standardized alumina (1.5% water, Later er al., 6) with 20 ml hexane, 50 ml 

. .  
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Table 1. Samples Analyzed 

PNLNumber Process Description 

5 1396-005 

51396-004 

51396-001 

5 1396-003 
51396-002 

5226-059 

5226-022 
50378-100 

50378-101 

50378-139 

UOP 

UOP 

UOP 

UOP 
UOP 

lTSL 

NTSL 
RITSL 

RlTSL 

CCRITSL 

Lloydminster Peholeum Resid. Nominal boiling point (bp) >840"F, 
including non-distillables, no solids. 
Illinois No. 6 Coal and Lloydminster Pemleum Resid Slurry Feed. 
Nominal bp >840"F, including solids and non-distillables. 
Liquid Process Solvent (LPS). Nominal bp >212'F, including solids and 
non-distillables. 
Vacuum Fractionator Overhead Product. Nominal bp -212-910'F. 
Vacuum Fractionator Bottoms Product. Nominal bp >910'F, including 
solids and non-distillables. 
Hydrotreater (HTR) Distillation Column Bottoms. Nominal bp -450- 
850'F. Run #242. 
HTRDistillation Column Bottoms. Nominal bp -450450°F. Run #241. 
HTR Heavy Distillate Product. Nominal bp >500'F, including resids and 
ash. Run #247. 
HTR Heavy Distillate Product. Nominal bp >500'F, less resids and ash. 
Run #247. 
HTR Heavy Distillate Product. Nominal bp >500T. Run #249. 

benzene, 70 ml ch1oroform:ethanol (99:1), and 50 ml methanol to produce aliphatic hydrocarbon (AH), 
polycyclic aromatic hydrccarbon (PAH), nitrogen-containing polycyclic aromatic compound WAC),  and 
hydroxy-substituted PAH (hydroxy-PAH) fractions, respectively. The weight percent contribution of 
each fraction was determined gravimemcally after solvent removal by rotoevaporation at 40°C and drying 
under a stream of nitrogen. 

Bas Chroma- 

Selected fractions were analyzed by gas chromatography using a Hewlett-Packard (HP) 5880A gas 
chromatograph equipped with a 30-m x 0.25-mm-ID fused silica capillary column coated with 0.25-pm 
film thickness DB-5 (J & W Scientific). The oven was temperature-programmed to 280'C at 4'Clmin after 
2 minutes isothermal at 50°C with a 5 minute isothermal period at the upper temperature limit. Splitless 
injection was used with hydrogen as carrier gas at 100 cm/sec linear velocity. The injection port and flame 
ionization detector were operated at 275 and 300'C, respectively. Fractions were analyzed at 5.0 mglml 
dilutions with 2-chlomanthracene added as an internal standard at a fmal concentration of 25 ng/@ 

Gas ChromatograDhvlMasstmmehv CGCMs1 

GCMS analyses were performed on an HP-5982A quadrupole mass spectrometer interfaced to an 
HP-5710 gas chromatograph equipped with a 15-m x 0.25-mm-ID DB-5 fused silica capillary column (J 
& W Scientific). Gas chromatographic conditions were similar to those described above, except the oven 
was temperature-programmed at 8 Clmin. The MS was operated in the electron impact mode at 70 eV, 
and scan rates were typically 100 atomic mass units (amu)/sec. 

Low-Volm Probe-- Smhometrv 

A VG ZAB 2-F double-focusing MS operated in the electrom impact mode using ionizing electron 
energies of 10-12 eV was used for the LVMS analyses. Each sample (10 to 20 pg) was loaded into a 
glass capillary tube, which was then inserted into the source affixed to the end of a direct insertion probe. 
The probe was heated in a linear fashion from ambient to 250-280°C while the MS scanned repeatedly 
throughout the desorption period. The MS was operated with an accelerating voltage of 6OOO or 7000 V, a 
magnet scan rate of 2 to 3 seclmass decade, a source temperature of 250'C, and a dynamic resolving 
power (as determined by the VG 2035 data system) of 1:2OOO. The intensities of each mass across the 
entire profile were summed, generating an average spectrum that was representative of the entire sample. 

234 



. .  Microbial Mu- 

Standard agar-plate mutagenicity assays were perfomed as described by Ames er d. (7) using 
Sa~moneh typhimurium, TA98 microbial tester strain with S9 metabolic activation. Revertant colonies 
per petri plate were counted using a Biotrm II automated colony counter. The specific mutagenic activities 
of samples are expressed as revertant colonies of S. typhimurium, TA98 per pg of test material as 
estimated by linear regression analysis of dose-response data. The following criteria were used for 
selecting the best dose range for estimating a linear dose response: at least a four-point dose range; 
approximate doubling of response for doubled dose concentration; a correlation coefficient of 0.8 or 
greater; and an intercept on the response (ordinate) axis within 20% of the negative control for the day. 

for Mouse Skin Tu- . . .  

The VP mouse skin tumorigenicity assays were performed on selected samples as described by 
Mahlum (8) using female CD-1 mice (Charles River Laboratories, Portage, MI), approximately 6 to 8 
weeks of age with 30 animals per test group. Each test material was diluted 1: 1 with acetone or methylene 
chloride, and 50 fl of the diluted material was applied to the shaved backs of the mice (approximately 25 
mg dose per mouse). Two weeks after initiation, 5-pg doses of phorbol myristate acetate (0.1 mglml 
acetone) were applied to the initiated area, twice weekly for 24 weeks. The mice were shaved as necessary 
throughout the study, usually weekly. Animals were observed regularly for tumor growth, and the 
number of tumors per animal was counted biweekly. The data are expressed as the total number of tumors 
per mouse normalized to groups of 30 mice. 

The results of the chemical class fractionation by alumina column chromatography are given in Table 
2 for the advanced coal liquefaction products and internal process materials studied. The Lloydminster 
petroleum resid and the slurry feed from the UOP co-processing technology had low levels of AH 
compared to the other materials fractionated using these methods. The UOP slurry feed also gave a lower 
total recovery of material from the neutral alumina than did the other materials, indicating there was a high 
concentration of insoluble or intractable components in the slmy feed presumably due to the presence of 

Table 2. Chemical Class Fractionation Data 

Fraction Weight Percenta 

Sampleb Process AH PAH W A C  Hydroxy-PAH Total 

51396-005 UOP 12 50 36 3 101 
51396-004 UOP 8 26 22 2 58 
5 1396-001 UOP 26 26 23 10 85 
5 1396-003 UOP 53 27 8 6 94 
5 1396-002 UOP 19 27 30 11  87 
5226-059 ITSL 63 26 5 9 103 
5226-022 NTSL 45 34 7 15 101 
50378-100 RITSL 58 36 4 2 100 
50378-101 RITSL 57 39 4 2 102 
50378-139 CCRITSL 60 43 5 4 112 

aAverage of two determinations 
bFor description, see Table 1 
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the coal itself. The chemical composition of the UOP vacuum fractionator overhead product (51396-003) 
was comparable to an average composition of the two-stage coal liquefaction products, as determined by 
this chemical class fractionation. The UOP bottoms product had a decreased AH composition and an 
increased M A C  and hydroxy-PAH content compared to the lower boiling UOP overhead product. 
Similar results have been noted for both single- and two-stage coal liquefaction materials, namely, that 
higher boiling fractions have had decreased A H  content and increased heteroatom content compared to 
their lower boiling counterparts (9). 

The PAH fractions isolated from the samples were analyzed in greater detail since this chemical 
fraction has historically been the most tumorigenic fraction isolated from coal liquefaction products and 
internal process materials when analyzed using these methods. High-resolution gas chromatograms of the 
PAH fractions isolated from the UOP, ITSL, and NTSL distilled products are. shown in Figure 1. Many 
of the major components in each of these fractions are labelled with their identifications from retention time 
and G C N S  data. Thmajor components identified in the UOP vacuum fractionator overheads were 
similar to the major components identified in both the ITSL and NTSL hydrotreater distillation column 
bottoms; PAH compounds were present ranging from two to four aromatic rings in size. Alkyl-substituted 
PAH and some hydroaromatics (particularly of m/z 168 and 182, the parent and methyl-substituted 
dihydrofluorenes or dihydrophenalenes) were also detected in all three products. The components 
identified in the RITSL and CCRITSLPAH fractions were similar to those detected in the UOP, ITSL, 
and NTSL PAH fractions of Figure 1, except they were of a higher molecular weight range; the 
methylchrysene isomer was the component of highest concentration in both the RITSL and CCRITSL 
distilled products. 

The LVMS spectra from the analyses of the PAH fractions isolated from the UOP, ITSL, and NTSL 
distilled products are shown in Figure 2. The UOP product PAH fraction was more complex than either 
of the two-stage coal liquefaction PAH fractions shown. For example, there were signals for a greater 
number of masses representing 40% or more of the total ion current ( n C )  in the UOP product PAH 
fractions than there were for the ITSL and NTSL PAH fractions. There was also relatively more materials 
that gave rise to the series including masses 232, 246, 260, and 274 amu in the UOP distilled product 
PAH fractions as compared to the ITSL and NTSL distilled product PAH fractions, showing some 
differences in the composition of the co-processing and two-stage coal liquefaction samples. 

Table 3 contains the results of microbial mutagenicity testing of the crudes and chemical class 
fractions isolated from some of the advanced coal liquefaction samples studied. No mutagenic activity was 
detected in any of the AH or PAH fractions isolated from the UOP petroleum residkoa1 co-processing 
materials, as was also the case for the distilled two-stage coal liquefaction products. Regardless of 
process, the majority of the microbial mutagenicity was expressed by the isolated WAC fractions, with 

Table 3. Microbial Mutagenicity Data 

Response (rev&); Chemical Class Fraction 

Samplea Process Crude AH PAH NPAC Hydr~xy-PAH 

51396-004 UOP 0 0 0 0 < I  
51396-001 UOP 6 0 0 10 4 
5 1396-003 UOP 4 0 0 48 2 
51396-002 UOP 3 0 0 6 6 
5226-059 ITSL 0 0 0 3 0 
5226-022 NTSL 6 0 0 65 < I  
50378-100 RITSL 0 0 0 22 3 
50378-101 RITSL 4 0 0 32 0 

aFor description, see Table 1 
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Some mutagenic response also expressed by the hydroxy-PAH fractions (particularly in the UOP vacuum 
fractionator bottoms product, 5 1396-002). The microbial mutagenic response of the UOP vacuum 
fractionator overhead product more closely resembled the response of the NTSL and RITSL distilled 
products, showing increased mutagenic activity as compared to the lTSL distilled product. 

hitiatidpromotion results, given as total number of tumors per mouse f standard error, for the lTSL 
and NTSL hydrotreater distillation column bottoms were 1.3 f 1.2 and 1.1 f 1.4, respectively. 
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Figure 1. High Resolution Gas Chromatograms of the PAH Fractions Isolated from the UOP Vacuum 
Fractionator Overhead Product (top), ITSL (middle) and NTSL (bottom) Hydrotreater Distillation Column 
Bottoms. S e e  Text for Conditions. 
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Figure 2. LVMS Spectra. See Figure 1 for Sample Descriptions. See Text for Conditions. 
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PROCESS DEVELOPMENT STUDIES OF 
TWO-STAGE LIQUEFACTION AT WILSONVILLE 
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C a t a l y t i c ,  Inc., W i l sonv i l l e ,  AL 35186 

and T. W. Johnson 

Southern Company Services, Inc. ,  Wi lsonv i l le ,  AL 35186 

INTRODUCTION 

The Advanced Coal L ique fac t i on  RAD F a c i l i t y  a t  W i l sonv i l l e .  Alabama, has been i n  operation 
f o r  over 12 yea rs .  It i s  t h e  l a r g e s t  d i r e c t  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t  s t i l l  i n  
o p e r a t i o n  i n  t h e  U n i t e d  S t a t e s .  Process i nves t i ga t i ons  have evolved from the o r i g i n a l  
study o f  t he  Solvent Refined Coal Process f o r  making a c l e a n  s o l i d  f u e l  t o  t h e  r e c e n t  
i nves t i ga t i on  o f  two-stage l i q u e f a c t i o n  processes f o r  making clean d i s t i l l a t e  fue l s .  Th is  
paper presents r e s u l t s  from the cu r ren t  study o f  var ious p rocess ing  schemes des igned t o  
reduce the cos t  o f  f ue l s  produced by two-stage l i q u e f a c t i o n  p lants .  

Most important among these con f igu ra t i ons  i s  d i r e c t  coupl ing o f  the thermal and c a t a l y t i c  
r e a c t o r s .  Such c l o s e - c o u p l e d  o p e r a t i o n  shou ld  l o w e r  t h e  c o s t  o f  two-stage f u e l s  by 
i n c r e a s i n g  o v e r a l l  t he rma l  e f f i c i e n c y  and i m p r o v i n g  p r o d u c t  q u a l i t y .  Resu l t s  f rom 
W i l  s o n v i l l e  runs  a r e  c h a r a c t e r i z e d  by d i s c u s s i o n  o f  r e p r e s e n t a t i v e  product y i e l d  and 
product q u a l i t y  data. Also, a comparison o f  performance and s t a b i l i t y  o f  S h e l l  324 and 
Amocat 1C ca ta l ys ts  i s  presented. 

Other  p e r t i n e n t  t e s t s  i n  the close-coupled mode are discussed w i t h  p a r t i c u l a r  emphasis on 
the e f f e c t  of higher system space v e l o c i t y  and on the impact o f  s o l i d s  recycle. 

PROCESS CONFIGURATION COMPARISON 

The in teg ra ted  TSL (ITSL) mode and the close-coupled (CC-ITSL) mode are shown i n  F igures 1 
and 2, respect ive ly .  I n  both modes, the react ion stages are in tegrated by the r e c y c l e  o f  
h y d r o t r e a t e d  r e s i d  w i t h  the goal o f  producing " a l l - d i s t i l l a t e ' '  y i e l d  s la tes.  The CC-ITSL 
con f igu ra t i on  d i f f e r s  from ITSL i n  t h a t  f o r  the CC-ITSL mode, p roduc ts  f rom t h e  thermal  
r e a c t o r  a r e  fed d i r e c t l y  t o  the c a t a l y t i c  reactor  w i thou t  pressure letdown o r  s i g n i f i c a n t  
cool ing.  Accordingly, vacuum-flashed product from CC-ITSL i s  deashed downstream o f  t he  
c a t a l y t i c  reac to r  r a t h e r  than upstream as i n  the ITSL mode. Close-coupled operation thus 
e l iminates thermal i n e f f i c i e n c y  o f  the cool down/reheat c y c l e  a s s o c i a t e d  w i t h  deashing 
between reac t i on  stages. 

PROCESS PERFORMANCE 

A w ide  range o f  thermal and c a t a l y t i c  stage operating condi t ions were i nves t i ga ted  i n  the 
CC-ITSL mode t o  determine t h e i r  e f f e c t s  on p r o d u c t  y i e l d  s t r u c t u r e  and q u a i i t y .  Fo r  
comparison purposes, Table 1 l i s t s  f i v e  sets o f  CC-ITSL condi t ions and y i e l d s  r e l a t i v e  t o  
one t y p i c a l  se t  o f  ITSL cond i t i ons  and y i e l d s .  I l l i n o i s  No. 6 coal from Burning Star  Mine 
was used i n  a l l  the runs. 

An i n i t i a l  basel ine run (250B) was conducted us ing aged Shell  324 c a t a l y s t  t o  quan t i f y  the 
impact o f  coupl ing the reac to rs .  No in ters tage-vapor  separation was u t i l i z e d  i n  Run 250B, 
a l t hough  a h igh pressure separator was i n s t a l l e d  and operated dur ing the remainder of the 
run. The major e f f e c t  o f  close-coupled operation was an increase i n  hydrogen consumption 
w i t h  a co r respond ing  improvement i n  d i s t i l l a t e  product q u a l i t y  (Table 2) .  Hydrogen and 
s u l f u r  values were s i g n i f i c a n t l y  b e t t e r  f o r  CC-ITSL (250B) when compared t o  ITSL (244 ) .  
This improvement resu l ted  from the f a c t  t h a t  a l l  t he  TSL product was der ived from the 
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c a t a l y t i c  stage i n  Run 2506, whereas i n  Run 244 approximately 45 w t  % was produced by the  
c a t a l y t i c  hydro t rea ter  ( T a b l e  3 ) .  H igher  q u a l i t y  p r o d u c t s  a r e  made by t h e  c a t a l y t i c  
stage. 

Subsequent o p e r a t i o n  i n  CC-ITSL was devoted t o  study o f  performance o f  a new c a t a l y s t ,  
Amocat 1C. As noted previously,  in te rs tage vapor separat ion was employed throughout t h i s  
p e r i o d .  A comparison o f  " a l l - d i s t i l l a t e ' '  operat ion a t  the  same coal  feed r a t e  f o r  Shel l  
324 and Amocat 1 C  revealed t h a t  d i s t i l l a t e  and hydrocarbon gas y i e l d s  were s i m i l a r  (Run 
2508 versus  Run 250C). An a l t e r n a t e  deashing so lvent  was used i n  Run 250C i n  order t o  
maintain s tab le  perfonnance w h i l e  p r o c e s s i n g  t h e  h i g h l y  s o l u b l e  f e e d  genera ted  b y  t h e  
f r e s h  Amocat c a t a l y s t .  T h i s  r e s u l t e d  i n  g r e a t e r  r e j e c t i o n  o f  r e s i d  t o  ash concentrate 
w i t h  c o n c o m i t a n t l y  l e s s  TSL r e s i d  produced. A lower hydrogen consumption was observed 
f o r  Run 250C. Th is  phenomenon cou ld  be a t t r i b u t e d  t o  the  e f f e c t  o f  in te rs tage separat ion 
(i.e., n o t  hydro t rea t ing  a l l  d i s t i l l a t e  products) and/or t o  r e l a t i v e l y  lower hydrogenation 
a c t i v i t y  o f  the  Amocat ca ta lys t .  

H igher  system space v e l o c i t i e s  were explored by increasing coal feed ra tes .  The goal was 
t o  demonstrate the  product ion o f  h igh  q u a l i t y  (CC-ITSL) d i s t i l l a t e s  a t  reduced cost. Y ie ld  
d a t a  a r e  r e p o r t e d  f o r  Run 250 Periods C, 0, and E i n  Table 1. Product q u a l i t y  data and 
u n i t  con t r ibu t ions  t o  d i s t i l l a t e  p r o d u c t i o n  f o r  P e r i o d  D a r e  g i v e n  i n  Tab les  2 and 3, 
r e s p e c t i v e l y .  The data c l e a r l y  i n d i c a t e  t h a t  " a l l - d i s t i l l a t e ' '  y i e l d  s l a t e s  were produced 
a t  increased throughputs by compensatory i n c r e a s e s  i n  r e a c t o r  tempera tures .  Produc t  
q u a l i t y  d i d  n o t  change s i g n i f i c a n t l y  a t  the  h igher  ra tes .  It should a lso  be noted t h a t  
products from h igher  space v e l o c i t y  CC-ITSL were s u b s t a n t i a l l y  b e t t e r  t h a n  those f rom 
lower space v e l o c i t y  ITSL. 

Near t h e  conclusion o f  Run 250, a t e s t  o f  s o l i d s  (unconverted coal and ash-cresol inso lu -  
b l e s )  r e c y c l e  was per fo rmed ( F i g u r e  3 ) .  The o b j e c t i v e  was t o  decrease s i z e  o f  t h e  
c r i t i c a l  so lvent  deashing u n i t  by deashing a higher s o l i d s  content vacuum bottoms stream. 
Deashed r e s i d  was recyc led  as a component o f  t h e  l i q u e f a c t i o n  s o l v e n t .  Lower o r g a n i c  
r e j e c t i o n  t o  t h e  ash c o n c e n t r a t e  was demonstrated w i t h  the  concentrated feed. Based on 
t h i s  r e s u l t ,  the concept of s o l i d s  recyc le  may be inves t iga ted  i n  a f u t u r e  c l o s e - c o u p l e d  
run using c a t a l y s t  i n  both reactors .  

Batch deac t iva t ion  t rends f o r  r e s i d  conversion i n  the  c a t a l y t i c  reac tor  were developed f o r  
the  ITSL (deashed bituminous)- Shel l  324 and CC-ITSL (close-coupled bituminous)-Amocat 1 C  
modes, us ing a f i r s t  order r e s i d  conversion model (1 ) .  The trends are  p l o t t e d  i n  Figure 4 
t o g e t h e r  wi th b a t c h  d e a c t i v a t i o n  da ta  f rom W i l s o n v i l l e  Run 247 ( " s i m u l a t e d "  c l o s e -  
c o u p l e d ) .  The t r e n d s  showed i n i t i a l  per iods  of r a p i d  deact ivat ion,  fo l lowed by slower 
deac t iva t ion  rates.  H igher  r e s i d  c o n v e r s i o n  r a t e  c o n s t a n t s  were observed f o r  c l o s e -  
coup led  o p e r a t i o n  us ing  the  Amocat 1C ca ta lys t .  The close-coupled r e s i d l h o c a t  combina- 
t i o n  was more reac t ive  than the  o ther  feed lca ta lys t  (She l l  324) combina t ions .  F i g u r e  5 
f u r t h e r  i l l u s t r a t e s  t h i s  p o i n t  i n  an Arrhenius p l o t .  

RELATIVE ECONOMICS 

R e s u l t s  f r o m  an economic s c r e e n i n g  s tudy  per fo rmed b y  Lummus C r e s t  I n c .  ind ica ted  a 
reduct ion i n  the  requ i red  product s e l l i n g  p r i c e  f o r  CC-ITSL p r o d u c t s  compared t o  ITSL 
products (Table 41. The study was based on a conceptual comnercial 10,000 TPD p l a n t  using 
I l l i n o i s  No. 6 coal. The r e l a t i v e l y  lower p r i c e  was due t o  higher d i s t i l l a t e  p r o d u c t i o n  
and improved d i s t i l l a t e  q u a l i t y  f o r  the  close-coupled case (2 ) .  
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SUMMARY 

e The ma jo r  e f f e c t  o f  c lose -coup led  o p e r a t l o n  was an increase i n  hydrogen con- 
sumption w i t h  a corresponding improvement i n  d i s t i l l a t e  product q u a l i t y .  

a A t  t h e  same c o a l  f e e d  r a t e ,  C4+ d i s t i l l a t e  and hydrocarbon gas y i e l d s  were 
s i m i l a r  f o r  close-coupled operat ion w i t h  Shell  324 and Amocat 1 C  c a t a l y s t s .  A 
l ower  hydrogen consumption was observed i n  the Amocat operation. This phenome- 
non could be a t t r i b u t e d  t o  the e f f e c t  o f  i n t e r s t a g e  s e p a r a t i o n  and/or  t o  the  
r e l a t i v e l y  lower  hydrogenation a c t i v i t y  o f  the Amocat ca ta l ys t .  

" A l l - d i s t i l l a t e ' '  y i e l d  s la tes  were produced a t  higher system space v e l o c i t i e s  by 
compensatory increases i n  reactor  temperatures. 

a 

e Product q u a l i t y  was not  s i g n i f i c a n t l y  a f fec ted  a t  h i g h e r  system space v e l o c i -  
t i e s .  

a Operating w i th  s o l i d s  recyc le i n  the close-coupled mode, lower organic r e j e c t i o n  
t o  ash concentrate was demonstrated a t  a r e l a t i v e  reduct ion i n  feed r a t e  t o  the  
c r i t i c a l  so lvent  deashing un f t .  

A comparison o f  r e s i d  conversion r a t e  constants ind icated t h a t  the close-coupled 
resid/Amocat 1C combination was more reac t i ve  than  o t h e r  f e e d / c a t a l y s t  ( S h e l l  
324) combinations. 

a R e s u l t s  from an economic screening study f o r  a conceptual commercial 10,000 TPD 
p l a n t  i nd i ca ted  a reduct ion i n  the requi red p roduc t  s e l l i n g  p r i c e  f o r  CC-ITSL 
p l a n t  products compared t o  ITSL p l a n t  products. 

a 
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Conf igurat ion 
Run No. 
Cata lys t  Type 

Table 3 

UNIT CONTRIBUTIONS TO DISTILLATE PRODUCTION 

ITSL 
244 

Shel l  324 

CC-ITSL(~) 
2508 

Shel l  324 

CC-ITSL ( 2 )  

Amocat 1C 
250D 

U n i t  Contr ibut ions(3) 

Thermal Stage 
C a t a l y t i c  Stage 

55 
45 

0 
100 

25 
75 

(1)  Without in te rs tage vapor separation. 
(2) With in te rs tage vapor separation. 
(3 )  W t  % o f  t o t a l  d i s t i l l a t e  production. 

Table 4 

ECONOMIC SCREENING  STUDY(^) 
(10,000 TPD PLANT) 

ITSL ( e  SE \ cc- TSL 

Rela t ive  Capi ta l  Cost 
Re la t i ve  Operating Cost 
Re1 a t i v e  Production Rate(2) 
Re la t i ve  Required Product S e l l i n g  Pr ice(3)  

Thermal E f f i c i e n c y  ( $ 1  

1 .oo 
1 .oo 
1 .oo 
1.00 

68.1 

1.04 
1.01 
1.10 
0.93 

69.6 

(1) Performed by Lumnus Crest, Inc. under EPRI RP832-11. 
(2 )  Based on bar re ls  of crude o i l  equivalent w i t h  considerat ion f o r  q u a l i t y  of 

d i  s t i  11 a te  products. 
(3)  F i r s t  year. 
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?HE IMPACT OF THE CHEMICAL CONSTITUENTS OF HYDROTREATER 
FEED ON CATALYST ACTIVITY* 

Frances V. Stohl and Howard P. Stephens 
Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

The deposition of carbonaceous material on direct coal 
liquefaction catalysts is known to cause rapid and significant 
catalyst deactivation (1,2). Studies of hydrotreater catalyst 
samples from several different runs at the Wilsonville Advanced 
Coal Liquefaction R & D Facility have shown that greater than 75% 
of their hydrogenation activity and 50% of their hydrodesulfuri- 
zation activity were lost within the first few days of coal 
processing ( 3 ) .  Hydrotreating light thermal resid from the third 
stage of the Kerr McGee critical solvent deasher yielded the least 
deactivation whereas hydrotreating the heavier nondeashed resid 
yielded the largest buildup of carbonaceous deposits and the 
greatest deactivation. These trends were due to differences in 
the compositions of the hydrotreater feeds. Previously reported 
work (4) has shown that carbonaceous deposits cause homogeneous 
poisoning of active sites and about a 50% decrease in the catalyst 
effective diffusivity, which is the diffusion coefficient within 
the extrudates. 

initiated a program to identify the hydrotreater feed components 
that are most detrimental to catalyst activity. Studies of the 
effect of hydrotreater feed boiling point cut on catalyst activity 
(5) have shown that processing a -550F component yields a 23% 
decrease in extrudate hydrogenation activity whereas hydrotreating 
an 850F+ component results in an 82% loss. Although hydro- 
desulfurization activity was not affected by the low boiling 
fraction, a 70% loss resulted from hydrotreating the highest 
boiling fraction. 

In this paper we report the impacts on catalyst activity of 
four different chemical classes of compounds found in hydrotreater 
feeds. These chemical classes included the aliphatic hydro- 
carbons, neutral polycyclic aromatic compounds (PAC), nitrogen 
polycyclic aromatic compounds (N-PAC) and hydroxy polycyclic 
aromatic hydrocarbons (HPAH). 

As a result of the work on the Wilsonville catalysts, we have 

EXPERIMENTAL PROCEDURES 

A hydrotreater process stream obtained from the Wilsonville 
facility and four classes of chemical compounds separated from 
this stream were each catalytically hydrogenated in microreactors. 
The starting feeds and used catalysts from these experiments were 
then characterized and the catalysts were tested for hydrogenation 
activity. 

* This work supported by the U. S. Dept. of Energy at Sandia 
National Laboratories under Contract DE-AC04-76DP00789. 
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M a t e r i a l s  

The c a t a l y s t  was s h e l l  324M w i t h  1 2 . 4  w t %  Mo and 2 .8  w t %  N i  on 
an alumina s u p p o r t  i n  t h e  form o f  e x t r u d a t e s  measuring about  0.8 
mm i n  d i ame te r  and 4 mm i n  l e n g t h .  P r i o r  t o  use ,  t h e  c a t a l y s t  was 
p r e s u l f i d e d  w i t h  a 1 0  mol% H2S i n  H 2  mix tu re  a t  400C and 
a tmospher ic  p r e s s u r e  f o r  two hours .  The V-178 h y d r o t r e a t e r  
p rocess  s t r e a m  used  i n  t h i s  s t u d y  was o b t a i n e d  from t h e  
W i l s o n v i l l e  f a c i l i t y ' s  run  247, w h i c h  p rocessed  I l l i n o i s  # 6  
b i tuminous  c o a l  i n  t h e  Reconf igured  I n t e g r a t e d  Two-Stage 
L i q u e f a c t i o n  p r o c e s s  c o n f i g u r a t i o n ( 6 ) .  The V-178 s t r e a m ,  
i d e n t i f i e d  by t h e  number of t h e  s t o r a g e  tank  from which it was 
de r ived  p r i o r  t o  e n t e r i n g  t h e  h y d r o t r e a t e r ,  i s  t h e  l i g h t  p o r t i o n  
of t h e  h y d r o t r e a t e r  f eed  and compr ises  about  35 w t %  of t h e  t o t a l  
feed .  D i s t i l l a t i o n  of t h e  V-178 showed t h a t  t h e  i n i t i a l  b o i l i n g  
p o i n t  was 400F a n d  9 6 . 1  w t %  b o i l e d  below 850F ( 5 ) .  

The V-178 p r o c e s s  s t r eam was s e p a r a t e d  i n t o  f o u r  chemica l  
c l a s s e s  by a d s o r p t i o n  column chromatography u s i n g  n e u t r a l  aluminum 
oxide  (7). A 1 0  g sample was d i s s o l v e d  i n  ch loroform and adsorbed  
onto  50 g a lumina ,  which was t h e n  d r i e d  and p l aced  on t o p  of 1 0 0  g 
alumina i n  a 22 mm i d  column. The a l i p h a t i c  hydrocarbon f r a c t i o n  
was e l u t e d  f i r s t  u s ing  hexane, t h e n  t h e  PAC us ing  benzene, 
fo l lowed by t h e  N-PAC us ing  ch lo ro fo rm and t h e  HPAH us ing  1 0 %  
e thano l  i n  t e t r a h y d r o f u r a n .  So lven t  was removed from each  
f r a c t i o n  by e v a p o r a t i o n  under vacuum. 

Hydrotr e a t  i n g  Fxper i m e n t s  

h y d r o t r e a t e d  w i t h  p r e s u l f i d e d  c a t a l y s t  i n  2 6  cc ba t ch  
m i c r o r e a c t o r s  a t  300C f o r  2 h o u r s  w i t h  a 1100 p s i g  H 2  co ld  
charge  p r e s s u r e .  The m i c r o r e a c t o r s  were charged w i t h  0.5 g f e e d ,  
0 . 1 7  g p r e s u l f i d e d  c a t a l y s t  and 1 .5  g hexadecane, which was added 
t o  p rov ide  a d e q u a t e  mixing i n  t h e  r e a c t o r s  because  of t h e  sma l l  
amounts of f e e d  a v a i l a b l e .  The aged c a t a l y s t s  were S o x h l e t  
e x t r a c t e d  w i t h  t e t r a h y d r o f u r a n  p r i o r  t o  a n a l y s i s  or  a c t i v i t y  
t e s t i n g .  E lemen ta l  a n a l y s e s  of t h e  V-178 s t r eam,  t h e  f o u r  
f r a c t i o n s  and t h e  aged c a t a l y s t s  were performed us ing  s t a n d a r d  
methods. 

A c t i v i t y  T e s t i n g  

Each chemica l  c l a s s  and t h e  V-178 p r o c e s s  s t r eam were 

Hydrogenat ion  a c t i v i t i e s  of f r e s h  and aged c a t a l y s t s  were 
de te rmined  by measur ing  t h e  r a t e  of hydrogenat ion  o f  py rene  t o  
d ihydropyrene  (4) i n  2 6  c c  m i c r o r e a c t o r s  a t  3 0 0 C  w i t h  450 p s i g  H 
co ld  cha rge  p r e s s u r e .  Experiments w i th  c a t a l y s t  ground t o  -200 
mesh  and whole e x t r u d a t e s  enabled  d e t e r m i n a t i o n  of t h e  l o s s e s  of 
both i n t r i n s i c  and e x t r u d a t e  a c t i v i t i e s  r e s p e c t i v e l y .  

RESULTS AND DISCUSSION 

Feed and C a t a l y s t  Compositions 

The compos i t ions  o f  t h e  V-178 s t r e a m  and t h e  amounts and 
composi t ions  of t h e  fou r  s e p a r a t e d  chemica l  c l a s s e s ,  g iven  i n  
Table  1, show t h a t  t h e  V-178 c o n t a i n s  s i g n i f i c a n t  amounts of 
a l i p h a t i c  hydrocarbons  and t h e  PAC f r a c t i o n ,  and on ly  low 
c o n c e n t r a t i o n s  of n i t r o g e n  and hydroxy compounds. 
recovery  f o r  t h e  fou r  chemica l  c l a s s e s  is good f o r  t h i s  t ype  of 

T h e  95% t o t a l  
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separation. The high quality of the separations of the aliphatic 
hydrocarbons and PAC fraction is indicated by the much higher H/C 
ratio of the aliphatic fraction (1.70) compared to the PAC 
fraction (1.16) and the low concentrations of nitrogen and oxygen 
in these two fractions. In contrast, the N-PAC and HPAH fractions 
both have significant amounts of' oxygen and nitrogen indicating 
the presence of compounds that contain both heteroatoms or 
possibly some overlap of the fractions. 

show that catalytic hydrotreating of the aliphatic and PAC 
fractions yielded lower carbon accumulations on the catalysts than 
hydrotreating the V-178 or  the N-PAC and HPAH fractions. 
Likewise, the catalysts used to hydrotreat the N-PAC and HPAH 
fractions have significantly higher accumulations of nitrogen than 
the catalysts used to hydrotreat the aliphatics and the PAC 
fractions. The 0.6 and 0.5 wt% accumulations resulting from our 
two hour experiments are comparable to the levels (0.5 to 0.6 wt%) 
observed on the first catalysts, with catalyst ages of about 20 lb 
resid/lb catalyst, withdrawn from Wilsonville runs. These results 
show that the nitrogen buildup on the catalyst under process 
conditions must be very rapid. 

Results of analyses of the aged catalysts, given in Table 2, 

Hydrogenation Activity 

The measured intrinsic activity losses (a) and the measured 
remaining extrudate activities (F) are given in Table 3 .  A 
quantitative mathematical expression, reported previously (E), 
relates F to a and effective diffusivity. Use of this equation 
enabled us to determine the catalyst effective diffusivities. The 
catalysts used to hydrotreat the V-178 and the aliphatic 
hydrocarbon and PAC fractions showed a 20% decrease in effective 
diffusivit from the fresh catalyst value of 5x10-6 
cm2/sec/cm3, whereas those used to hydrotreat the HPAH and 
N-PAC fractions had greater than a 50% decrease. Recalculating 
the F values without these changes in effective diffusivity (i.e. 
with fresh catalyst effective diffusivity) (Table 3 )  shows that 
less than 10% of the loss of fresh extrudate activity is due to 
the changes in effective diffusivity. 

diffusivity) and a also enabled us to differentiate the two 
limiting modes of deactivation -- homogeneous and shell- 
progressive poisoning. A plot of F vs a for the results from the 
hydrogenation activity testing of the V-178 and the four chemical 
classes is shown in Figure 1. Since the a values increase more 
rapidly than the F values, the dominant mode of deactivation for 
these catalysts is homogeneous poisoning of active sites (9). As 
can be seen in Figure 1, the aliphatic hydrocarbons and the PAC 
fraction caused less deactivation than the V-178, whereas the 
N-PAC and HPAH caused more deactivation. This trend in 
deactivation is inversely correlated with the carbon contents of 
the aged catalysts given in Table 2. The catalysts used to process 
the aliphatics and the PAC fraction have lower carbon contents 
than the catalyst used to hydrotreat the V-178, whereas the 
catalysts used to hydrotreat the N-PAC and HPAH fractions have 
higher carbon contents. Hydrotreating the N-PAC fraction yields 
the greatest deactivation with about an 87% loss of extrudate 
hydrogenation activity and 98% of the active sites poisoned. 

The relationship between F (corrected for changes in effective 
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CONCLUSIONS 

S e p a r a t i o n  o f  a l i g h t  h y d r o t r e a t e r  p r o c e s s  stream i n t o  f o u r  
chemica l  c l a s s e s  h a s  shown t h a t  a b o u t  h a l f  o f  t h e  s t r e a m  is 
composed of a l i p h a t i c  hydrocarbons.  T h e r e  a r e  a l s o  small amounts 
o f  N-PAC a n d  HPAH f r a c t i o n s .  H y d r o t r e a t i n g  each  o f  t h e s e  f o u r  
f r a c t i o n s  and t h e  whole process s t r e a m  w i t h  c a t a l y s t  h a s  shown 
t h a t  a l l  f o u r  f r a c t i o n s  c a u s e  d e a c t i v a t i o n .  The g r e a t e s t  
d e a c t i v a t i o n  is d u e  t o  t h e  N-PAC f r a c t i o n ,  a l t h o u g h  t h e  HPAH 
f r a c t i o n  a l s o  y i e l d s  g r e a t e r  d e a c t i v a t i o n  t h a n  t h e  whole process 
s t r eam.  The d e a c t i v a t i o n  i s  caused  p r i m a r i l y  by a c t i v e  s i t e  
p o i s o n i n g ,  w i t h  a lesser amount d u e  t o  a d e c r e a s e  i n  e f f e c t i v e  
d i f  f u s i v i t y .  
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Table 1. Compositions of the V-178 stream and the four chemical classes in 
weight percents. 

C H N o H / C  - - -  
V-178 87.69 10.05 0.23 1.08 1.38 

wt a 
of V-178 

Aliphatic hydrocarbons 46 87.27 12.36 c O . 1 0  0.10 1.70 

Neutral polycyclic 35 90.15 8.70 0.10 0.17 1.16 
aromatic compounds (PAC) 

aromatic compounds 
(N-PAC) 

Nitrogen polycyclic 5 83.60 7.93 3.61 2.81 1.14 

Hydroxy polycyclic 9 78.18 8.25 1.13 9.44 1.27 
aromatic compounds 
(HPEH) 

Table 2. Analyses of aged catalysts from 
microreactor runs (reported as 
weight percents). 

C N - -  Catalyst 

V-178 run 3.87 0.3 

Aliphatic hydrocarbon run 2.36 0.1 

PAC run 2.71 0.1 

N-PAC run 4.53 0.6 

HPAH run 5.02 0.5 

i 
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Table 3. Results of activity testing experiments 
(for fresh catalyst F = 1.00, a = 0.0) 

F a F* 
Reactor Feed measured measured - 

V-178 0.44 0.72 0.52 

Aliphatic 0.72 0.39 0.78 
hydrocarbons 

PAC 

m-PAC 
0.59 0.58 0.64 

0.05 0.90 0.13 

HPAH 0.19 0.92 0.26 

* Corrected for changes in effective diffusivity. 

F 

0.2 

O - t  

hydrocarbons 

V-l78\ a, N-PAC 

01 
0.2 0.4 0.8 0.8 1 .o 0 

a 

Figure 1. F vs a plot for V-178 and the four chemical 
classes. 

I 
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IMPROVEMENT I N  COAL LIQUEFACTION SOLVENT QUALITY BY DEWAXING 

R. A. Winschel, G. A. Robbins and F. P. B u r k e  

CONOCO COAL RESEARCH DIVISION 
4000 Brownsvi l le Road 

L ib ra ry ,  PA 15129 

ABSTRACT 

Recycle oils from the Integrated Two-Stage Liquefaction ( ITSL) ,  H-Coal and Solvent 
Refined Coal (SRC) processes were dewaxed by variants o f  commercial dewaxing 
processes yielding up to  47 w t  % "wax". Dewaxing methods used include the ketone 
and the urea adduction techniques. The clean waxes are reasonably pu re  
paraffins. The dewaxed oi ls were substantially better coal l iquefaction solvents 
than the original (non-dewaxed) oils in batch liquefaction tests. For  example, in 
one case, dewaxing improved the conversion o f  a standard coal to  te t rahydrofuran 
solubles a t  standard reaction conditions from 71% with the original o i l  to  87% w i th  
the dewaxed oil. These data prov ide a d i rect  indication o f  the inimical effect of 
paraff inic components on solvent qual i ty. The impact o f  solvent qua l i t y  is part icu- 
la r l y  relevant to  two-stage liquefaction, in which thermal f i rst-stage reactions 
proceed in a recycle solvent. In addition, these results indicate the  technical 
feasibi l i ty of dewaxing coal l iquefaction recycle oils b y  commercially available 
technology to improve solvent qual i ty  and to produce a useful by-product. 
Dewaxing could be applied to any liquefaction process that  uses a deashed (prefer -  
ably dist i l late) recycle stream. 

INTRODUCTION 

Paraffinic and other saturated hydrocarbons are well known components o f  coal and 
coal liquefaction products (1 ) .  The presence o f  substantial quanti t ies of saturated 
hydrocarbons in coal liquefaction recycle solvents has been repor ted (2). 
Increasing concentrations o f  these compounds (as well as o f  h igh l y  alkylated 
compounds) have been l inked t o  a decreasing qual i ty  o f  t he  recycle o i l  as a donor 
solvent for  coal liquefaction ( 2 ) .  Other work has demonstrated that  t he  effective- 
ness of coal l iquids as coal l iquefaction donor solvents shows a negative correlation 
with the paraff inic nature o f  t he  coal l iqu id  ( 3 ) .  In the development of the Consol 
Synthetic Fuels (CSF) (4) and Exxon DonorSo lven t  (EDS) (5) processes, it was 
recognized that the bund-up o f  saturated hydrocarbons in -the recycle solvent 
resulted in deteriorat ing solvent qual i ty. Paraffinic and other saturated hydro- 
carbons are known t o  be  non-donors ( 6 )  o r  a t  least ve ry  poor donors (7.8) at  coal 
liquefaction conditions. Thei r  presence in recycle oils reduces so l ven tqua l i t y ,  at 
least b y  d i lu t ing the active solvent molecules and at worst b y  acting as a det r i -  
mental antisolvent t ha t  leads t o  reduced solvent effectiveness. 

Saturated hydrocarbons in coal liquefaction recycle oils are formed in pa r t  by 
complete hydrogenation o f  aromatics t o  form naphthenes. However, t h e  majority o f  
the paraff ins (and par t icu lar ly  t he  n-paraff ins) must ultimately arise either 
unchanged direct ly from the coal (9 )  or  as products of the crack ing o f  a lky l  
side-chains or of larger paraff ins. l f t h e  recycle solvent is h igher  boi l ing than the 
major liquefaction products, saturates must ex i t  the recycle loop b y  cracking to 
l ighter  products. Paraffins, however, tend to  crack selectively to  gases (2) thus 
consuming expensive hydrogen while producing undesirable gas. 

The qual i ty  and paraf f in  content o f  the recycle solvent a t  equi l ibr ium is f ixed for  
each liquefaction process b y  the p lant  configuration, feed coal and operating 
conditions in use a t  any time. T o  reduce the paraf f in  content o f  the recycle 
solvent in order to  improve i t s  qual i ty, operating conditions must be  changed if the 
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feed coal and p lant  configuration are heid constant. However, b y  changing 
operating conditions, p roduc t  y ie ld  slate and/or  product  qual i ty  may be undesirably 
affected. 

Th is  paper presents a novel application of commonly used commercialized technology 
to  improve the qual i ty  of coal liquefaction recycle solvents. Tha t  technology, in 
common use in the petroleum ref in ing indust ry ,  is dewaxing. When applied to  coal 
liquefaction recycle solvents, dewaxing improves donor solvent qual i ty b y  removing 
predominantly the paraf f ins and other saturated hydrocarbons that  are undesirable 
components. If applied commercially, a high-value by-product  wax could be sold. 
For example, recent p r i ce  ranges (101 of related products follow: paraf f in  wax, 
$0.16-0.46/lb; petrolatum, $0.30-07iO/lb; montan wax, $0.58-0.65/lb; micro- 
crystal l ine wax, $0.36-0.48 Ib; and mineral oil, $2.68-3.101gal. These prices are 
considerably greater t han  commanded b y  fuels. Removal of paraff ins and other 
saturates from the l iquefaction process th is  way may also reduce gas production and 
hydrogen consumption and would reduce the  occurrance o f  wax precipitation at  low 
temperature from products  w i th  boi l ing points similar t o  the  dewaxed stream. 

Various dewaxing methods are now, or have been, in commercial use in the 
petroleum indus t r y  (11 ) inc lud ing pressing and sweating, centr i fugation, solvent 
dewaxing (e.g., t he  p r o p a n e  and ketone processes) and urea adduction methods. 
The bulk o f  the experiments reported here used a laboratory version of the ketone 
process, though the urea adduction process was also tested, both with promising 
results. Commercially, methyl e thy l  ketone is typ ica l ly  employed in the ketone 
process (11); acetone was used in ou r  experiments f o r  convenience. These experi- 
ments demonstrate on a small scale the technical feasibility o f  improving coal 
liquefaction solvent qua l i t y  b y  dewaxing using commercially available technology. 

The impact o f  solvent qua l i t y  i s  part icularly relevant to processes using a thermal 
reactor in which coal l iquefaction proceeds in and depends upon a recycle solvent 
such as the ITSL, SRC-I, SRC-II and EDS processes. Dewaxing should be  direct ly 
applicable to  processes that  recycle a t  least one distillate-only stream such as ITSL 
( the  reconfigured mode in use a t  Wilsonvilie), SRC-I, EDS (without bottoms recycle) 
and H-Coal. ,it should also be  possible t o  dewax any intermediate distillate stream 
if the recycle does not contain a separate dist i l late component. One experiment 
demonstrated that  a deasphalted residual oi l  could also be dewaxed. 

EXPERIMENTAL 

Ketone Dewaxing 

A weighed amount (about 85 g )  of the o i l  to be dewaxed was mixed w i t h  acetone 
(Fisher HPLC grade)  in the  desired rat io  (112 to  1/3.3 b y  volume) in a beaker 
equipped wi th  a magnetic s t i r re r .  A l l  oils tested, except the single 85OoF+ resid, 
dissolved readi ly a t  room temperature. The contents were cooled while s t i r r ing in a 
dry icelacetone bath to the desired temperature to precipitate the waxes. When the 
desired temperature (-20 o r  -5OOC) was reached, the mixture was immediately 
filtered. while s t i l l  cold, in a Buchner funnel equipped with a glass-fiber f i l ter 
(Reeve Ange! 8934AH). The  f i l te r  cake (wax) was washed w i th  additional cold 
acetone approximately equaling the volume of the original oillacetone mixture. This 
filtrate was set aside. T h e  wax cake was washed through the  f i l te r  with freshly 
dist i l led te t rahydrofuran (THF).  Each f i l t rate (acetone and THF) was rotary 
evaporated a t  about 6OoC t o  constant weight to  remove al l  traces o f  solvents, 
leaving the dewaxed o i l  and the waxes, respectively, which were then weighed and 
analyzed. The p roduc t  waxes were usually a white solid though some o f  the less 
p u r e  waxes were discolored. 

One sample, a solid deasphalted 85OoF+ resid, was ketone dewaxed using a somewhat 
dif ferent method. T h e  solid (329) was dissolved in lZOg o f  an 80/20 v / v  solution of 
acetone and freshly d is t i l led toluene, then dewaxed as above a t  -5OOC. These 
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waxes (12% of oil) were v e r y  Impure and so were subjected t o  a second dewaxing 
procedure similar t o  the  f i r s t  except tha t  the  solvent used was 100 m L  o f  a 70/30 
v l v  mixture o f  acetone and toluene. Th is  product  was a v e r y  ha rd  brown waxy 
sol id. 

Urea Dewaxinq 

One oil sample was dewaxed by the  urea adduction method. About  509 o f  the  oi l  
was weighed and d i lu ted  w i th  an  equal weight of CH,CI, (MCB reagent). T o  th is  
mixture was slowly added about 50 mls o f  an  aqueous solution of urea (Fisher 
certif ied) saturated a t  80°C which crystall ized upon cooling on  contact w i th  the  
oil/CH,CI, solution. T h e  mixture was s t i r red  fo r  one hour,  f i l tered in a Buchner 
funnel equipped w i t h  a glass-fiber f i l ter ,  then washed w i th  several aliquots o f  
CH,CI,. The fi l ter-cake was washed w i th  warm water 
t o  dissolve the urea leaving the  waxes on  the  fi l ter. The  water wash was 

The CH,CI, and THF f i l t ra tes  were str ipped o f  solvent by ro ta ry  evaporation t o  
produce the  dewaxed o i l  and the waxes, respectively, which were weighed and 
analyzed. 

Solvent Quality (Microautoclave) Tests 

Samples were tested fo r  t he i r  effectiveness as coal l iquefaction donor solvents using 
a standard microautoclave test. Th i s  test, called the  modified equi l ibr ium test, has 
been described in detail previously (3). Br ief ly,  69 o f  a standard coal and 9g o f  
the  sample t o  b e  tested are heated t5 75OOF fo r  30 min wi thout added gas in a 30 
mL microautoclave. The  contents a re  cooled and extracted w i th  THF t o  determine 
the  conversion o f  coal t o  solubles. Th is  test i s  an  authent ic coal liquefaction 
experiment. Solvent ef fects can b e  tested easily because there is  n o  interfer ing 
catalyst o r  extraneous gas present. The  resul ts o f  th is  tes t  serve as an empirical 
measure o f  donor solvent qual i ty.  Coal conversions obtained w i th  several pure 
model compounds follow: n-tetradecane, 25.4%, 1-methylnaphthalene, 48.2%. 
tetralin, 85.4%. 

Other Analyses 

Samples were analyzed by IH-NMR using a procedure described in detail elsewhere 
(2) to  determine the  effectiveness o f  dewaxing and t o  determine the  purity o f  the  
waxes. Br ief ly,  t he  H-NMR spectrum is  div ided in regions roughly  corresponding 
to di f ferent proton types. For example, the region between 10.0 and 4.7 ppm is  
assigned t o  aromatic protons and t h e  region between 1.4 and 0.5 ppm is assigned to  
to  paraffinic protons. Paraffinic protons are protons on  internal  -CH,- groups o r  
-CH, groups o f  para f f ins  and long a lky l  chains. Reproducibil i ty is  0.2% absolute 
(standard deviation). 

Gas chromatography [CC) was performed w i th  a Perkin-Elmer Sigma 2000 instrument 
equipped with dual  flame ionization detectors. The  column, a 30m x 0.25mm DB-5 
column from JLW Scientif ic, was in i t ia l ly  a t  5OoC f o r  4 min, then programmed to  
280OC a t  4OClmin and held f o r  20 min. injector and 
detector temperatures were 300OC. A sp l i t  injection o f  0.2pL o f  sample (O.lg/mL in 
THF) was used. Quantitation was based on peak areas refer red to  an n-decane 
internal standard. 

I 

I 
I 

This f i l t ra te  was set aside. 

I discarded. The waxes were washed through the f i l te r  w i th  f resh ly  dist i l led THF. 

The p roduc t  wax was a whi te  solid. 

Th i s  tes t  i s  reproducible t o  1.2% absolute [s tandard deviation). 

Carr ier  gas was 20 ps ig  H,. 

I Elemental analyses (C, H, N and S)  were performed w i th  Leco CHN-600 and SC32 
Instruments. Though  these instruments were designed fo r  t he  analysis o f  coals, 
not  oils, reliable N and S determinations can be  made. C and H values are less 
reliable, but are probably  accurate t o  ? l %  absolute. 

Feed Oils 

All samples were authent ic coal l iquefaction recycle oils. 
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P1 

#2 

#3 

114 

115 

#6 

ITSL subbituminous d is t i l la te  - A composite o f  the 850OF- dist i l late portions of 
twen ty  da i ly  samples taken between 5/6 and 8/6/84 of  the recycle solvent 
(V-13lB)  from Wilsonville Run  246 made w i th  Wyoming (Clovis Point mine) sub- 
bituminous coal. 
ITSL subbituminous d is t i l la te  - The 850OF- dist i l late port ion o f  a sample of 
hydrotreater f lashed bottoms (V-1067) taken 9/14/85 from Wilsonville Run 249 
made wi th  Wyoming (Clovis Point mine) subbituminous coal. 

ITSL bituminous dist i l late - A composite o f  t he  85OOF- dist i l late portions of 
fourteen da i l y  samples taken between 9/12 and  12/9/84 o f  the recycle solvent 
(V-131B) f rom Wilsonville Run  247 made w i th  I l l inois 6 (Bu rn ing  Star mine) 
bituminous coal. 

H-Coal subbituminous dist i l late - the 1000°F- dist i l late port ion (96.1%) of a 
composite o f  seventeen da i l y  samples taken between 9/1 and 9/17/80 o f  the 
Wean oil" (a component o f  t he  recycle solvent) from H-Coal PDU Run 10 made 
w i t h  Wyoming (Wyodak mine) subbituminous coal. 

SRC-1 bituminous dist i l late - the 1000°F- dist i l late por t ion (95.6%) of  a sample 
of recycle so lvent  taken 10/2/78 from Wilsonville Run 149 made with Kentucky 
#9 bituminous coal. 

ITSL subpituminous deasphalted resid - the hexane-solubles of  a composite of 
the 850OF res id  port ions o f  twenty-one dai ly samples taken between 5/6 and 
8/6/84 of t h e  recycle solvent (V-1318) from Wilsonville Run 246 made with 
Wyoming (Clov is  Point mine) subbituminous coal. 

DISCUSSION 

Results from dewaxing experiments using authentic coal liquefaction recycle oils are 
discussed below. In t h i s  repor t ,  "wax" refers to  the precipitated port ion of the oil 
obtained in the procedure,, "dewaxed oil" re fers  to  the non-precipitated port ion and 
"feed oil" re fers  t o  t h e  original,  untreated oil. It should be recognized that the 
ketone process as commercially practiced is performed in .two stages called dewaxing 
and de-oiling ( 1 1 ) .  Except  in one case, these experiments were done in a single 
stage. 

Experimental condit ions and yields are shown in Table 1. Results o f  microautoclave 
liquefaction tests a re  shown In Table 2. Analyses of the various oils are shown In 
Table 3 .  'H-NMR spectra and gas chromatograms o f  t h e  feed oil, dewaxed oil and 
waxes from experiment 5 a re  shown in Figures 1 and 2. 

Wax Yields 

Wax yields ranged from 3 to  47 w t  % (Table 1) .  Wax purity spanned a range as 
well. Generally, the greatest yields o f  wax and the purest  waxes were produced 
from oils der ived from subbituminous coal (feed oi ls 81, 2 and 4) .  Those oils were 
v e r y  paraffinic. as determined by the paraff inic hydrogen content from 1H-NMR and 
by GC (Table 3) and  would be expected t o  produce the  most wax. This  is consis- 
tent w i t h  the concept tha t  lower rank coals tend t o  be more paraff inic. One highly 
paraffinic o i l  produced from subbituminous coal (feed o i l  12) yielded 47% of  a 
reasonably pu re  wax (Tables 1 and 3). 

The wax yields obtained in these experiments would not  be  expected to  be attained 
a t  equil ibrium in a l iquefaction process employing dewaxing . The liquefaction 
processes from which these samples were taken a l l  employed recycle and therefore, 
the total feed t o  these liquefaction processes included vary ing amounts o f  wax 
components. If dewaxing of a l l  o r  pa r t  of the recycle were used, the wax content 
of the feed would be reduced thereby reducing the wax content o f  the product. It 
may be possible t o  dewax only  tha t  port ion o f  the recycle solvent that is necessary 

There foZ ,  it is  expected that these results could be fu r the r  improved. 
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t o  keep wax levels below some set point. 
solvent could reduce both capital and operating costs of the dewaxing unit. 

Improvement in Donor Solvent Quality 

In al l  cases, donor solvent qual i ty, as measured by microautoclave tests. increased 
upon dewaxing. In general, the improvement in solvent qual i ty upon dewaxing, as 
measured by the  dif ference in the microautoclave tests w i t h  the feed o i l  and the 
corresponding dewaxed oil, increased w i t h  increasing wax yield. Thus, on ly  3% 
wax was removed in experiment 11 giving an improvement in donor solvent qua l i t y  
from 63 t o  66%. whereas 47% wax was removed in experiment 1 4  g iv ing a n  improve- 
ment in donor solvent qual i ty  from 71 to  87%. Clearly, the increase in donor 
solvent qua l i t y  results from reducing the  concentration of paraff ins and o the r  
saturates which a re  non-donors and are general ly considered t o  be poor physical 
solvents fo r  coal liquids. In fact, paraf f ins have been found to  be Inimical to  
solvent qual i ty  in both microautoclave tests (2) and i n  the development of the 
CSF (4) and EDS (2) processes. 

In d i rect  coal liquefaction processes, the qual i ty  o f  the recycle o i l  generally is f i xed  
b y  the feed coal, the operating conditions and the characteristics of t he  process. 
Making changes in operating conditions t o  improve the product slate o r  t o  compen- 
sate fo r  catalyst deactivation can have the undesirable side effect o f  reducing 
solvent qual i ty  which, in turn, can af fect  product  yields unexpectedly. A l ter -  
nately, operating conditions that prov ide a high quali ty recycle solvent may no t  be 
desirable from a product yield or product  qual i ty  standpoint. Dewaxing provides a 
means o f  improving recycle solvent qual i ty  t ha t  is independent o f  l iquefaction 
conditions and may permit simultaneous optimization of product and recycle-solvent 
qualities. 

It is interesting to  note that  the three dewaxed dist i l late ITSL recycle solvents all 
gave similar coal conversions in the microautoclave tests, even though the non- 
dewaxed feed oi ls gave signif icantly d i f f e ren t  results as shown below. 

Dewaxing only a port ion of t he  recycle 

Run No. 

5 
13 
14 

Feed Oil 

#1 
#3 
#2 

Coal Conversion, w t  % MAF 
Feed Dewaxed 

80.9 
79.2 
70.8 

88.2 
86.2 
87.1 

This  resul t  would indicate that not  on ly  can donor solvent qual i ty o f  recycle oi ls be 
improved by dewaxing, but tha t  donor solvent qual i ty can also be made more 
constant regardless of feed coal. 

Effect of Temperature on Ketone Dewaxing 

Experiments were performed w i th  three feed oils a t  both -20 and - 5 O O C .  In each 
case, the lower temperature produced about twice as much wax (Table 1). The 
dewaxed oils produced a t  -5OOC were bet ter  coal liquefaction donor solvents as 
measured by microautoclave tests (Table 2). Th i s  i s  consistent w i th  the lower 
paraff inic content o f  those dewaxed oils (Table 3 ) .  However, the waxes produced 
a t  -5OOC were lower p u r i t y  paraff ins than those produced a t  -2OOC as evidenced b y  
the increased aromaticities and carbon contents and decreased hydrogen and 
paraff inic hydrogen contents and by the  GC results (Table 3 ) .  Even though the 
additional material removed at  -5OOC was largely not paraffinic, i t s  removal f u r the r  
improved donor solvent qual i ty. It is believed that the additional material removed 
a t  -5OOC largely consists o f  highly saturated and alkylated compounds. Clearly, 
ketone dewaxing can b e  performed t o  maximize the  improvement in solvent qual i ty  o r  
t o  maximize the purity o f  the product  wax depending on operating temperature. It 
should be  possible to  optimize both features simultaneously b y  selecting appropriate 

I 
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temperature, time a n d  solvent power conditlons. These experiments were all 
operated w i t h  no ho ld  time at temperature. Commercial petroleum dewaxing 
operations ta i lor  solvent power b y  us ing solutions o f  vary ing ratios o f  ketone and 
toluene as the dewaxing solvent (1 1). Commercial petroleum operations also improve 
the selectivi ty of t he  process b T o p e r a t i n g  in two stages in which the wax is 
separated and then de-oiled (XI. 
Ketone Dewaxing o f  Resid 

One deasphalted 850OF+ resid sample was dewaxed (experiment 12) yielding 7.9% of 
a v e r y  hard wax. The  resul ts  of 'H-NMR and elemental analyses (Table 3)  indicate 
the wax is  reasonably pu re  paraff in. Th i s  wax was too high boil ing for  complete 
CC analysis, but the eluted components were Predominantly n-paraff ins containing 
24 to  over 40 carbon atoms. This  wax was ve ry  hard and had a freezing point 
upon cooling of 54OC by d i f ferent ia l  scanning calorimetry. Th is  experiment showed 
that deasphalted res ids can b e  dewaxed and may indicate that  ful l-range coal lique- 
fact ion recycle oils can be dewaxed prov id ing tha t  they are solids-free and 
asphaltene-free. T h i s  may have applicabi l i ty in I T S L  and the  developing Catalytic 
Two-Stage Liquefaction process in which the  full-range recycle oil i s  typical ly 
solids-free and, when processing subbituminous coal, contains relat ively low levels 
o f  asphaltenes (u), 
Nature and Quali ty of Product Waxes 

The product  waxes were predominantly saturated hydrocarbons. Th is  is evidenced 
b y  the i r  ve ry  low H-aromaticities (as low as 0.3% aromaticltotal hydrogen) and  the i r  
elemental analyses (Table 3 ) .  Specifically, these saturated hydrocarbons were 
mostly paraf f ins as shown by the h i g h  concentration o f  paraff inic protons from 
'H-NMR analysis (as high as 91% paraf f in ic l to ta l  hydrogen). Even pu re  paraff ins 
do not  g ive 100% paraff inic protons in this 'H-NMR analysis because o f  spinning 
side bands. Fo r  example, p u r e  n-tetracosane gives 92.1% paraff inic protons in th is  
analysis. n-Paraff ins predominate i n  the gas chromatograms of the waxes (Table 3 
and Figure 3).  accounting f o r  as much as 60% of the wax. The carbon preference 
indices (14) o f  the waxes were near unity, averaging 1.03 w i t h  a standard deviation 
o f  0.04 (range = 0.92 t o  1.09). 

Dewaxing is  most eff icient f o r  the  h igher  molecular weight n-paraff ins as seen b y  
the GC data in Table 3. For al l  b u t  one experiment, the n-paraf f in  of greatest 
concentration has the  h ighest  carbon number in the wax and the lowest carbon 
number in the dewaxed oil. 

Enough wax was produced in experiments 13 and 14 t o  test t he  effectiveness of the 
wax as a donor solvent. T h e  waxes from these experiments were also two o f  the 
least pure waxes recovered. As shown in Table 2, these waxes performed 
considerably more poor ly  than the corresponding feed oils, though no t  as poor ly  as 
pu re  n-tetracosane which gave 25.4% coal conversion in t h e  same test. It is  
expected that  t he  p u r e r  waxes would behave more similarly to the n-tetracosane. 
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TABLE 1 

EXPERIMENTAL CONDITIONS AND PRODUCT YIELDS 

Conditions Yields, w t  % 
Experiment Feed O i l  Acetone/ Dewaxed Mass 

No. I.D. T, O C  Oil, v/v Wax O i  1 Balance - - -  
Urea Adduction Method 
2 # 1  

Ketone Method 
4 #1 
5 #1 

Room 5.0 88.8 93.8 

-20 2.0 9.1 90.7 99.8 
-50 3.3 20.6 79.3 99.9 

14 #2 -50 3.0 47.4 52.0 99.4 
7 #3 -20 3.0 14.5 83.2 97.7 

13 
9 

10 

-50 3.0 32.7 66.5 99.1 
#4 -20 3.0 5.2 93.9 99.1 
#3(a) 

#4 -50 3.0 9.2 90.0 99.1 
11 
12 

#5 -50 3.0 3.2 96.3 99.5 
#6 -50 (C) 7.9 90.7 98.6 

(a) 
( b )  
(c )  85OOF residual  o i l  used as feed, see Experimental section. 

Red is t i l l ed  t o  1000°F- immediately before experiment (98.3% d i s t i l l a t e ) .  
Urea p h o d  used, see Experimental section. 

TABLE 2 

MICROAUTOCLAVE TEST RESULTS 

Experiment 
No. 

2 
4 
5 

14 
7 

13 

Coal Conversion, w t  % MAF 
Waxes Feed Oil Dewaxed Oil - 

80.9 
80.9 
80.9 
70.8 87.1 55.1 
80.1 83.7 - 
79.2 86.2 62.5 
55.7 55.4157.2 - 
55.7 60.5 - 
63.3 65.6 - 

84.9 
87.1 
88.2 
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Experiment 
No. 

2 

4 

5 

14 

7 

13 

9 

10 

11 

12 

Fract ion 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
oewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

Feed 
Dewaxed 
Wax 

TABLE 3 

ANALYSES OF FEEDS AND PRODUCTS 

Hydrogen Types 
by 'H-NHR. % 

Aromatic P a r a f f i n i c  -~ 
14.6 
17.0 
2.6 

14.6 
19.5 
2.2 

14.6 
19.3 
2.7 

9.3 
15.3 
4.1 

10.8 
12.5 
4.6 

10.8 
14.1 
5.0 

21.3 
22.9 
0.3 

21.3 
24.6 
1.9 

25.9 
26.9 
0.8 

20.7 
23.8 
2.8 

42.6 
34.2 
82.5 

42.6 
32.5 
88.4 

42.6 
28.8 
71.2 

49.4 
33.6 
62.0 

40.7 
38.4 
57.6 

42.5 
35.2 
55.4 

40.3 
35.6 
91.3 

40.3 
32.5 
90.9 

31.4 
30.1 
86.7 

33.8 
26.4 
76.9 

Elwnental Analysis, 
rt 8 (a )  

C H N S  

89.1 10.0 0.3 c0.1 
88.4 9.8 0.4 <0.1 
80.9 13.9 0.9 cO.1 

89.1 10.0 0.3 <0.1 
88.4 9.9 0.4 cO.1 
84.7 14.6 0.1 CO.1 

89.1 10.0 0.3 cO.1 
89.4 9.1 0.3 cO.1 
87.0 12.8 0.3 cO.1 

87.9 11.0 0.3 cO.1 
89.4 10.2 0.4 <0.1 
87.4 12.7 0.2 <0.1 

88.5 10.2 0.2 <0.1 
88.9 10.0 0.2 co.1 
87.6 11.9 0.1 ~ 0 . 1  

88.4 10.8 0.2 co.1 
89.1 10.2 0.3 <0.1 
88.0 12.4 0.2 ~0.1 

88.9 10.3 0.4 <0.1 
88.6 10.3 0.4 cO.1 
84.7 15.3 0.1 cO.1 

88.9 10.3 0.4 <0.1 
88.6 9.8 0.5 cO.1 
84.4 15.4 0.1 <0.1 

86.6 9.5 0.8 0.3 
86.4 9.3 0.8 0.3 
84.6 14.5 0.1 cO.1 

90.0 8.5 0.6 cO.1 
90.2 8.0 0.4 cO.1 
87.0 12.7 0.4 CO.1 

- - -- 

( a )  carbon and hydrogen values probably only accurate t o  fl% absolute. 

wt8 

5.7 
3.2 
47.7 

5.7 
1.7 
51.4 

5.7 
0.5 
29.2 

6.2 
1 .o 
15.9 

2.3 
1 .2 
11.8 

1.9 
0.6 
5.5 

6.2 
3.5 
58.9 

6.2 
2.3 
60.1 

2.8 
0.9 
53.1 

n-Paraf f ins  by CE 
Conc., C 8's Observed 

Wax. Conc. 

15-33 
15-32 
13-35 

15-33 
15-24 
15-35 

15-33 
15-28 
13-35 

15-34 
15-23 
15-34 

15-31 
15-28 
15-35 

15-31 
15-24 
15-32 

16-31 
16-23 
14-33 

16-31 
14-24 
14-35 

15-30 
15-24 
12-36 

24->40 

22 
22 
25 

22 
17 
25 

22 
18 
25 

26 
17 
26 

20 
19 
25 

20 
17 
23 

16 
17 
19 

16 
15 
16 

15 
15 
17 
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l a  

Figure 1. lH-NMR spectra of samples from experiment 5 .  (a )  feed oil. (b) wax, 
(c )  dewaxed oil. TMS - tetramethylsilane internal reference, SSB - 
spinning side band. 
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Figure 2. Gas chromatograms of samples from experiment 5. (a)  feed oil, (b) 
wax, (c)  dewaxed oil. (internal standard, n-decane) 
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PERFORMANCE OF THE LOW TEMPERATURE FIRST STAGE OF 
H R I  'S CATALYTIC TWO-STAGE LIQUEFACTION PROCESS 

J. B. McLean, A. G. Comolli and T. 0. S m i t h  

Hydrocarbon Research, Inc. 
(A  Subsidiary o f  Dynalectron Corporat ion)  

P. 0. Box 6047 
Lawrencevi l le ,  New Jersey 08648 

ABSTRACT 

Hydrocarbon Research, Inc. (HRI ) ,  under the sponsorship o f  the U. S. Department 
o f  Energy (DOE), i s  developing a c a t a l y t i c  two-stage coal l i q u e f a c t i o n  process. 
The process cons is t s  o f  two d i rect -coupled ebullated-bed reactors  i n  series, w i t h  
t h e  f i r s t  stage operated a t  lower temperatures (t800'F) than t y p i c a l l y  used i n  
d i r e c t  l i que fac t i on .  Studies o f  both bituminous and sub-bituminous coals i n  a 
nominal 50 lb /day continuous, in tegrated recyc le bench u n i t  have shown con- 
s iderable improvements i n  both d i s t i l l a t e  y i e l d  and product q u a l i t y  over o ther  
processes. I n  order t o  b e t t e r  understand the chemistry o f  t he  unique f i r s t - s t a g e  
reactor  condi t ions,  a specia l  on - l i ne  sampling system was added t o  the bench 
u n i t .  Samples obta ined over a wide range o f  operat ing condi t ions i n d i c a t e  t h a t  
t h e  f i r s t  stage i s  an e f f i c i e n t  hydrogenation system, achiev ing balanced rates o f  
coal conversion and d i sso lu t i on .  so lvent  t o  coal hydrogen t ransfer ,  solvent 
regeneration, and l i q u e f a c t i o n  product upgrading and s t a b i l i z a t i o n .  Differences 
i n  responses o f  t he  two  coals studied are noted and discussed. 

INTRODUCTION 

Hydrocarbon Research, Inc. (HRI) has long been a c t i v e l y  invo lved i n  the develop- 
ment o f  coal l i q u e f a c t i o n  process technology. The H-Coal@ Process, featur ing a 
single-stage ebul lated-bed c a t a l y t i c  reactor ,  was successfu l ly  developed and 
demonstrated through operat ion o f  a 200 ton  per day p i l o t  p l a n t  a t  Cat le t tsburg.  
Kentucky, i n  the e a r l y  1980's.( l)  I n  1981-1982, H R I  conducted a series of 
laboratory  i n v e s t i g a t i o n s  t o  evaluate various two-stage l i q u e f a c t i o n  concepts 
which featured a thermal f i r s t - s t a g e  r e  c t o r  fo l lowed by a c lose ly  coupled, 
ebul la ted bed, c a t a l y t i c  second stage.(2-6f The r e s u l t s  o f  these programs formed 
t h e  basis f o r  the c t i r ren t  C a t a l y t i c  Two-Stage L ique fac t i on  (CTSL) concept, which 
features two direct-coupled, ebul lated-bed reactors  i n  series. Under OOE 
sponsorship, HRI  has been conducting a development rogram f o r  the CTSL Process 
Since 1983. Program r e s u l t s  have been r e ~ o r t e d ( 7 - ~ ~ )  w i t h  C4-975OF d i s t i l  l a t e  
y i e l d s  of 65 W I MAF coal achieved f o r  both I l l i n o i s  No. 6 and Wyodak coals. The 
process economics have been shown t o  be favorable i n  c par ison w i t h  other  two- 
stage approaches by an  independent con t rac to r ' s  study(12?for both coals. 
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PROCESS FEATURES 

The s a l i e n t  features of the CTSL Process are l i s t e d  i n  Table 1. The key feature 
which d is t inguishes t h i s  from other  s ing le -  o r  two-stage processes i s  t h e  opera- 
tion Of a low temperature (<800°F) f i rS t -S tage  l i q u e f a c t i o n  PeaCtOr which con- 
t a i n s  an e f fec t i ve  hydrogenation Cata lyst .  Here, coal 1s converted by 
d i s s o l u t i o n  i n  the  recyc le solvent a t  a con t ro l l ed  rate, a l lowing the c a t a l y t i c  
hydrogenation react ions important f o r  Solvent regenerat ion and l i q u e f a c t i o n  pro- 
duct s t a b i l i z a t i o n  t o  keep pace w i t h  the  r a t e  of coal conversion. The second 
stage, operat ing a t  condi t ions more s i m i l a r  t o  the s ing le  stage H-Coal@ Process 
(but s t i l l  less severe), f i n i shes  the  j ob  of coal conversion whi le  conver t ing 
primary l i q u e f a c t i o n  products t o  h igh  q u a l i t y  d i s t i l l a t e s .  Overa l l ,  t h e  process 
produces h igher  y i e l d s  of b e t t e r  q u a l i t y  d i s t i l  l a t e  products than competing 
technologies. 

I t  i s  genera l ly  recognized t h a t  coal conversion t o  l i q u i d s  i s  a thermal process 
( i n v o l v i n g  hydrogen t rans fe r  from donor compounds i n  the recyc le so lvent) .  and 
t h a t  t h e  func t i on  of a c a t a l y s t  i n  a d i r e c t  l i q u e f a c t i o n  system i s  t o  hydrogenate 
the  solvent t o  provide those donor compounds, as we l l  as t o  upgrade t h e  thermal 
l i q u e f a c t i o n  products. As a r e s u l t .  two-stage l i q u e f a c t i o n  concepts were 
developed which featured a thermal f i r s t - s t a g e  l i q u e f a c t i o n  reactor ,  fo l lowed by 
a c a t a l y t i c  second stage f o r  solvent hydrogenation and product upgrading. These 
are represented by the  In tegrated Two Stage L ique fac t i on  (ITSL) processes 
developed a t  L mmus-Crest(13) and t he  W i l s o n v i l l e  Advanced Coal L ique fac t i on  
P i l o t  Plant.( l4Y and the  D i rec t  Coupled Two-Stage L ique fac t i on  system (DC-TSL) 
developed a t  H R I .  These processes r e l y  on product ion o f  a h igh  q u a l i t y  recyc le 
donor solvent. produced at law (<800°F) c a t a l y t i c  stage temperatures which favor  
hydrogenation over cracking. One pr imary drawback t o  t h i s  sequential approach i s  
t h a t  solvent donor compounds are depleted i n  the  non-ca ta l y t i c  l i q u e f a c t i o n  
reactor ,  so t h a t  t he  f i n a l  "spent" solvent q u a l i t y  i s  much poorer than  t h e  i n l e t  
recyc le solvent. Also, t he  lack of c a t a l y t i c  product s t a b i l i z a t i o n  leads t o  
undesirable regressive recombination react ions a t  the condi t ions necessary t o  
achieve complete coal conversion. 

The CTSL Process avoids these drawbacks by conducting l i q u e f a c t i o n  a t  a much 
slower r a t e  i n  the  low-temperature f i r s t  stage. The f i r s t  stage cond i t i ons  pro- 
v ide a very e f f i c i e n t  hydrogenation atmosphere so t h a t  hydrogen s h u t t l i n g  can- 
pounds i n  the  so lvent  can be e f f e c t i v e l y  regenerated and reused over and over 
again. Thus the  so lvent  does not become "spent". Primary l i q u e f a c t i o n  products 
are a lso e f f i c i e n t l y  hydrogenated as they are formed, reducing the  tendency f o r  
regressive reactions. By conducting conversion and hydrogenation funct ions 
simultaneously r a t h e r  than sequent ia l ly ,  t he  " l i f e t i m e "  o f  unstable thermal pro- 
ducts i s  reduced. The second stage then completes t h e  coal conversion a t  m r e  
t y p i c a l  l i q u e f a c t i o n  temperatures i n  the  presence of a much h ighe r  r e l a t i v e  con- 
c e n t r a t i o n  of h igh q u a l i t y  solvent. Second-stage condi t ions are chosen t o  o p t i -  
mize coal and residuum conversion and heteroatom removal, wi thout  approaching a 
thermal seve r i t y  where dehydrogenation of fi rs t - s tage  products become s i  g n i f i  - 
cant. This paper presents data t o  support each of the f i r s t - s t a g e  functions 
l i s t e d  i n  Table 1, which i n  t u r n  prov ide the  bas is  f o r  the observed o v e r a l l  per-  
formance bene f i t s  o f  t he  two-stage concept. 
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BENCH UNIT DESCRIPTION 

Process deve1opmnt s tud ies have been conducted i n  HRI ‘ S  continuous two-stage 
Bench Unit 227, shown i n  F igure 1. It i s  necessary t o  study the process i n  a 
continuous unit “4th se l f -susta ined recyc le  so lvent  generat ion i n  order t o  f u l l y  
understand t h e  and avoid the p i t f a l l s  o f  smal ler  batch or once-through 

unf ts .  The u n i t  features two 200Occ ebullated-bed reactors i n  
ser ies.  A specia l  high-pressure. on - l i ne  sampling System was adapted t o  the 
f i r s t - s t a g e  reac to r  t o  ob ta in  the  data r e  u i r e d  t o  independently assess the 
ef fect iveness o f  t he  two reac to r  stages. h i o r  t o  t h i s ,  i t  was necessary t o  
attempt t o  i n t e r p r e t  t h e  e f f e c t s  of f i r s t - s t a g e  var iab les based on ove ra l l  
r e s u l t s  only. Since the  reactors  are d i rect -coupled,  and the desired sample 
q u a n t i t i e s  represent a s i g n i f i c a n t  f r a c t i o n  o f  t he  f i r s t - s t a g e  reac to r  inventory, 
t h e  design and opera t i on  of the sampling system i s  c r i t i c a l  t o  obta in  
representat ive samples wh i l e  min imiz ing u n i t  d i s rup t i on .  The data presented i n  
t h i s  paper are based on analyses of the f i r s t - s t a g e  samples. A continuous 
atmospheric s t i l l  was a l so  added t o  the  u n i t  dur ing t h i s  program t o  provide 
accurate contro l  of recyc le solvent cut  po ints .  The a tmspher i c  s t i l l  bottoms 
a r e  subjected t o  f u r t h e r  batch f i l t r a t i o n  and/or vacuum d i s t i l  l a t i o n  operations 
t o  study var ious recyc le  o i l  preparat ion techniques. System inventor ies are 
minimized i n  order  t o  provide a rap id  l i neou t  response t o  cond i t i on  changes. 

PROGRAM HISTORY 

A sumnary o f  bench u n i t  operations conducted through February 1986 i s  shown i n  
Table 2. The f i r s t  year  o f  the program was dedicated t o  I l l i n o i s  No. 6 coal ,  and 
t h e  second year t o  Wyodak sub-bituminous coal. Fo l lowing renewal o f  the contract  
f o r  two add i t i ona l  years i n  1985, add i t i ona l  studies are being conducted w i t h  
I l l i n o i s  No. 6 coal .  Each o f  these coals has been stud ied i n  previous s ing le -  
and two-stage operations, so t h a t  an extens ive data base f o r  canparison o f  CTSL 
r e s u l t s  ex i s t s .  The implementation o f  the f i r s t - s t a g e  sampling system, l a t e  i n  
t h e ,  o r i g i n a l  I l l i n o i s  coal program. g r e a t l y  enhanced the understanding o f  the 
observed favorable performance, and f i r s t - s tage  sample analyses were used 
ex tens i ve l y  i n  a1 1 subsequent work. 

FIRST-STAGE PERFORMANCE 

Coal Conversion Rate 

One of t h e  primary b e n e f i t s  o f  t he  lower temperature l i q u e f a c t i o n  stage i s  t h a t  
coal  i s  converted a t  a c o n t r o l l e d  ra te ,  a l lowing a balance between thennal and 
c a t a l y t i c  r e a c t i o n  r a t e s  t o  be maintained. Figures 2 and 3 show the re la t i onsh ip  
between coal conversion ( t o  q u i n o l i n e  so lub les)  and both temperature and 
residence t ime f o r  several sets  o f  data fo r  both coals. I n  each case. the 
connected data p o i n t s  represent studies where a1 1 o the r  parameters (second-stage 
condi t ions,  so lvent /coal  r a t i o ,  etc.) a re  he ld constant. Comparisons of non- 
connected pofnts  should not  be made s ince  o the r  parameters a re  d i f f e r e n t  as wel l .  
Note t h a t  increas ing seve r i t y  by both parameters always r e s u l t s  i n  an increased 
coal conversion, i n d i c a t i n g  k i n e t i c  r a t e  con t ro l .  It should a l so  be noted t h a t  
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o v e r a l l  process conversions were i n  a l l  cases s u b s t a n t i a l l y  higher, and tended t o  
c o r r e l a t e  w i th  f i r s t - s tage  conversions. I n  t h e  case o f  the I l l i n o i s  No. 6 coal, 
i t  appears t h a t  "maximum" coal conversions (95-96%, t y p i c a l l y )  are being 
approached a t  750-775OF. whi le  the Wyodak coal i s  much slower t o  convert and 
requi res addi t ional  thermal seve r i t y  (90-93% conversion t y p i c a l l y  achieved i n  
second stage). 

Hydrogen Transfer E f f i c i e n c y  

F igure 4 shows the  atomic hydrogen/carbon r a t i o  o f  THF inso lub le  ICY4 from both 
f i r s t -  and second-stage samples as a funct ion o f  coal conversion f o r  Wyodak coal. 
Su rp r i s ing l y ,  t h i s  r a t i o  stays q u i t e  h igh ( a t  o r  above'the o r i g i n a l  coal l e v e l )  
over a wide range of f i r s t - s t a g e  conversions. It would be expected t h a t  t he  most 
reac t i ve  components o f  the coal would be the most hydrogen-rich. and would leave 
behind a residue o f  depleted hydrogen content. This i n  fac t  does occur i n  h igher  
temperature, thermal processes. However. the con t ro l l ed  conversion r a t e  i n  CTSL 
al lows f o r  e f f i c i e n t  hydrogen t r a n s f e r  t o  the coal as i t  reacts. A s i m i l a r  
re la t i onsh ip  has been noted f o r  the I l l i n o i s  No. 6 coal. Only a t  the more severe 
thermal condi t ions o f  the second stage does the hydrogen t r a n s f e r  appear t o  drop 
o f f .  as evidenced by the  lower H/C r a t i o s  f o r  t he  high conversion samples. 

No attempt has been made here t o  d i s t i n g u i s h  "unreacted coal "  from IOM formed by 
regressive reaction. However, the combination o f  the observed k i n e t i c  response, 
residue analyses, and m i l d  seve r i t y  condi t ions i n d i c a t e  t h a t  regress ive reac t i on  
should be minimal i n  the f i r s t  stage. While residue analyses are i n t e r e s t i n g ,  
they are o f  l i m i t e d  u t i l i t y ,  p a r t i c u l a r l y  since the  ove ra l l  coal conversions 
achieved i n  CTSL a re  no b e t t e r  than i n  the  single-stage H-Coals Process. O f  more 
importance are the  analyses of the l i q u i d s  which are formed a t  f i r s t - s t a g e  
condi t ions,  which are s u b s t a n t i a l l y  d i f f e r e n t  than those produced i n  o t h e r  d i r e c t  
1 i que fac t i on  processes. 

Sol vent Hydrogentati on 

Since the coal i s  l i q u e f i e d  i n  the presence o f  a c a t a l y s t  a t  condi t ions which 
favor  hydrogenation. donor species present i n  the so lvent  can be regenerat ive ly  
rehydrogenated. This i s  i l l u s t r a t e d  f o r  a t yp i ca l  cond i t i on  f o r  each coal i n  
Table 3, which compares p roper t i es  o f  f i r s t - s t a g e  o i l  and pressure f i l t e r  l i q u i d  
(PFL), which i s  both t h e  second-stage o i l  and process recyc le so lvent .  Note t h a t  
even though substant ia l  coal conversion has occurred i n  the f i r s t  stage i n  each 
case, there i s  no i n d i c a t i o n  of solvent q u a l i t y  d e t e r i o r a t i o n  - i n  fac t ,  the 
so lvent  qua l i t y ,  as measured by standard microautoclave tests ,  has improved. 
This i s  due t o  simultaneous solvent hydrogenation, as ind icated by the  improved 
hydrogen content and lower aromatics l eve l  i n  the f i r s t - s t a g e  l i q u i d .  This i s  a 
key d i f f e rence  from other  two-stage processes, where so lvent  q u a l i t y  i s  depleted 
i n  t h e  l i q u e f a c t i o n  stage due t o  m r e  severe thermal condi t ions and the lack o f  
an e f f e c t i v e  hydrogenation ca ta l ys t .  One p o s i t i v e  b e n e f i t  o f  t h i s  e f f e c t  on the 
o v e r a l l  process i s  t h a t  t he  feed so lvent /coal  r a t i o  can be set a t  a minimum pum- 
pable l eve l ,  w i thout  concern f o r  ava i l ab le  donor hydrogen leve ls .  Bench u n i t  
operations on I l l i n o i s  No. 6 coal have been conducted a t  feed s l u r r y  solvent/coal 
r a t i o s  as low as 1.1, and s t i l l  lower r a t i o s  may we l l  be poss ib le  on a l a rge r  
scale. This has a l a rge  favorable impact on process economics. 
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Recycle Residuum Hydrogenati  On 

Residuum i n  the  r e c y c l e  so lvent  i s  upgraded by hydrogenation i n  the f i r s t  stage, 
making i t  more r e a c t i v e  f o r  crack ing t o  l i g h t e r  d i s t i l l a t e s  i n  the second stage. 
This  i s  i nd i ca ted  i n  Table 4, which shows net  p o s i t i v e  y i e l d s  o f  residuum com- 
ponents i n  t h e  f i r s t  stage, and net  conversion t o  d i s t i l l a t e s  i n  the second 
stage. As a resu l t ,  t h e  o v e r a l l  975'F+ y i e l d s  are q u i t e  low, and the q u a l i t y  (as 
i nd i ca ted  by h igh o i l  and low preasphaltene contents)  i s  a l so  q u i t e  good. 

C a t a l y t i c  Stabi l i za t i on /Upgrad ing  o f  Primary L ique fac t i on  Products 

The discussion .above had h igh l i gh ted  the e f f e c t  o f  f i r s t - s t a g e  condi t ions on 
recyc le solvent p roper t i es .  I n  fact, the o i l  p rope r t i es  presented are f o r  
l i q u i d s  which a re  a blend o f  recyc le solvent and d i r e c t  f i r s t - s t a g e  products. 
Depending on feed so lvent /coal  r a t i o  and net f i r s t - s t a g e  reactions, the f i r s t -  
stage oil  content i s  est imated t o  be 20-508 d i r e c t l y  produced fran coal, w i t h  t h e  
remainder derived from recycle solvent. (Of course, i n  an in tegrated operat ion 
a l l  of the ma te r ia l  i s  u l t i m a t e l y  coal-derived; he re  the d i s t i n c t i o n  i s  being 
made t o  s p e c i f i c a l l y  inc lude mater ia l  which has not y e t  been exposed t o  second- 
stage condit ions.) Wi th  t h i s  i n  mind, the l eve l  o f  hydrogenation i s  even more 
notable s ince t h e  pr imary l i q u e f a c t i o n  products should be o f  s u b s t a n t i a l l y  lower 
q u a l i t y  than the  recyc le  solvent. 

COAL COMPARISON 

Evidence has been presented f o r  both I l l i n o i s  No. 6 and Wyodak coals which sup- 
p o r t  t he  process concept o f  f i r s t - s t a g e  hydrogenation, r e s u l t i n g  i n  improved 
ove ra l l  l i q u i d  y i e l d s  and product q u a l i t i e s .  However, the response of the two 
coals  - and hence the  optimum process condi t ions f o r  each - a re  q u i t e  d i f f e r e n t .  
As has been noted i n  F igu re  2, t he  sub-bituminous coal i s  much slower t o  convert, 
and probably requ i res  a f i r s t - s t a g e  temperature o f  a t  l e a s t  75OOF t o  achieve 
enough coal convers ion f o r  the c a t a l y t i c  treatment t o  be e f f e c t i v e .  The 
bituminous coal l i q u e f i e s  much more read i l y ,  but (as noted i n  Table 4 )  gives much 
h igher  net  residuum y i e l d s .  Work t o  date has i nd i ca ted  optimum performance a t  
750-775OF. but it i s  probable t h a t  t h i s  can be reduced by the appropriate 
combination o f  c a t a l y s t ,  space ve loc i t y ,  etc. This o b j e c t i v e  i s  being pursued i n  
t h e  present program. Other i tems being i nves t i ga ted  inc lude op t im iza t i on  o f  
l i q u i d  y i e l d  d i s t r i b u t i o n ,  p a r t i c u l a r l y  the e x t i n c t i o n  conversion of a l l  650DFt 
products, and opera t i on  a t  lower second-stage temperatures t o  improve product 
q u a l i t y  and extend c a t a l y s t  l i f e .  

ACKNOWLEDGEMENTS 

This work was supported by the Uni ted States Department o f  Energy under Contracts 
DE-AC22-83PC-60017 and DE-AC22-85PC80002. Ana ly t i ca l  da ta  provided by Drs. F. P. 
Burke and R. A. Winschel o f  the Conoco Coal Research D i v i s i o n  under DOE Contract 
OE-AC22-84PC70018 have been q u i t e  h e l p f u l  i n  our i n t e r p r e t a t i o n  o f  process 
per f  onnance . 

2 72 



REFERENCES 

Tal lb ,  A., 0. Gray, and M. Neuworth. Assessment of H-Coal@ Process 
Developments, MITRE Corporation Report MTR-83W199. January 1984. 

"H-Coal@ Process Improvement Study - Bench Un i t  Basel ine Run With 
preheater/Reactor", Hydrocarbon Research, hC. ,  FE-10152-65, May 1981. 

"Bench Un i t  Preheater Study To Determine Optimum Preheater Condit ions f o r  
High Coal Conversion", Hydrocarbon Research, Inc., FE-10152-86, October 
1982. 

"Two-Stage Bench Run on I l l i n o i s  No. 6 Coal - Runs 227-2 and 227-3. 
Hydrocarbon Research, Inc., FE-10152-87. August 1982. 

"Two-Stage L ique fac t i on  o f  Kyodak Coal - Runs 227-5 and 227-6". Hydrocarbon 
Research, Inc., FE-10152-90, September 1982. (Not Issued) 

"Two-Stage L ique fac t i on  Study Using I l l i n o i s  No. 6 Coal and Equal Volume 
Reactors - Run 227-7". Hydrocarbon Research Inc.. FE-10152-92. September 
1982. (Not Issued) 

"New Technology Concept f o r  Two-Stage L ique fac t i on  o f  Coal - I l l i n o i s  No. 6 
Coal", Hydrocarbon Research, Inc.. DE-60017-TOP-1, August 1985. 

"New Technology Concept f o r  Two-Stage L ique fac t i on  of Coal - Wyoming 
(Wyodak) Coal Study", Hydrocarbon Research, Inc.. DE-60017-TOP-3. February 
1986. 

"New Technology Concept f o r  Two-Stage L ique fac t i on  o f  Coal - F ina l  Summary 
Report", Hydrocarbon Research, Inc., DE-60017-10, February 1986. 

"HRI's Ca ta l y t i c  Two-Stage L iquefact ion Process - Performance Comparison For 
I l l i n o i s  No. 6 and Wyodak Coals", McLean, J. E., A. G. Comolli, and J. 8. 
MacArthur. Presented a t  t he  American Chemical Society 's  D i v i s i o n  o f  
Petroleum Chemistry Symposium. September 1985. 

"The C a t a l y t i c  Two-Stage L iquefact ion Process", McLean, J. 8.. A. G. 
Comolli, J. E. Duddy ?nd T. 0. Smith. Department o f  Energy's D i rec t  
L ique fac t i on  Contractors Conference, November 1985. 

"Technical and Economic Impacts o f  Staged L ique fac t i on  Conf igurat ions" .  
M i t r e  Corporation. Contract No. 21-5262 (F ina l  Report t o  be issued A p r i l  
1986). 

"Recent Developments With The Lumus-Crest I n teg ra ted  Two-Stage L ique fac t i on  
Process", M. Peluso. e t  a l .  Proceedings o f  9 t h  Annual EPRI Contractors '  
Conference on Coal Liquefaction, May 1984. 

"Process Studies o f  In tegrated Two-Stage L iquefact ion o f  Wilsonvi 1 l e " ,  M. 
J. Moniz, e t  a l .  Proceedings of 9 t h  Annual EPRI  Contractors '  Conference on 
Coal L iquefact ion.  May 1984. 

(Not Issued) 

273 



TABLE 1 

H R I ' S  CATALYTIC TWO STAGE LIQUEFACTION PROCESS 

FIRST STAGE 

"Low" Temperature ( <800°F) 
Hydrogenation Ca ta l ys t  (e.9. h o c a t  1C. NiMo) 

Functions: Coal Conversion ( con t ro l  l e d  r a t e )  
Hydrogen Transfer  t o  Reacting Coal 
Solvent Hydrogenation - Regenerative 
Recycle Residuum Hydrogenation 
C a t a l y t i c  Stabi 1 i zation/Upgradi ng o f  Primary L ique fac t i on  Products 

SECOND STAGE 

"High" Temperature (>8OO0F) 
Hydroconversion Ca ta l ys t  (e.9. Amocat 1A. CoMo) 

Functions: Complete Coal Conversion ( T h e n a l  i n  an improved so lvent  envirorment) 
Residuum Conversion t o  D i s t i l l a t e  Products 
Heteroatom Removal 
Avoi d Dehy d r oge n a t  i on 

OTHER PROCESS FEATURES 

Reaction Stages a r e  O i  rect-Coupled 
€bu l l a ted  Bed Technology Scaleable Based on H-Coal@/H-Oil@ Experience 
Highest Conversion t o  D i s t i l l a t e s  o f  any D i rec t  L ique fac t i on  Process 
More Al iphat ic /Petro leum-Like Products than other  Di rect  L ique fac t i on  Processes 
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TABLE 2 

CATALYTIC TWO STAGE LIQUEFACTION PROCESS DEVELOPMENT 
His to ry  o f  Bench U n i t  Operations (through February 1986) 

Number o f  F i r s t  Stage 
Runs Condit ions Samples 

I l l i n o i s  No. 6 Coal (1983-1984) - 
Process Variable Studies 8 149 38 
F i r s t  Stage Sampling 1 12 4 4 

( 1983- 1984 ) 10 186 43 4 

- 1 - 1 25 - -  Process Demonstration 
Tota l  I l l i n o i s  No. 6 

Wyodak Sub-bi tuminous Coal 
(1983-1985) 

Process Variable Studies 3 80 25 18 
8 Process Demonstration 

Total  Wyodak Coal 5 124 28 26 
- 3 - 2 44 - -  

I l l i n o i s  No. 6 Coal (1985-1986) 
Process Variable Studies 2 57 16 15 
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FIGURE 2 

FIRST-STAQ COAL CONVERSION (W I IIAF) 
VERSUS TEMPERATURE 

FIRST-STAGE TEMPERATURE, O F  

o I l l i n o i s  No. 6 (Run 227-18) 
0 I l l i n o i s  No. 6 (Run, 227-32) 
+ Wyodak, Run 227-22 (Conditions 4, 5 and 6)  
x Wyodak, Run 227-22 (Conditions 7 and 9 )  
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FIGURE 3 
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FIGURE 4 

REACTOR SOLIOS HTOROGEN/CARBON ATOllIC RATIO 
VERSUS COAL COWVERSION 

WYOOAK COAL 
l . [ . , . ,  1 ! ' !  
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TABLE 3 

COllpARISON OF FIRST-STAGE OIL AND PFL PROPERTIES 

Bench Un i t  Coal Conversion, W % MAF 

Microautoclave Sol vent Q u a l i t y  
Test. W % THF Conversion 

H R I \ I l  
Conoco (2) * 

H/C Rat io  - 650-850°F 
850-975'F 
975'F+ 

Proton? NMR - X Aromatics 
850°F- D i  s t i  1 l a t e  
85OoF+ Residuum 

ILLINOIS NO. 6 COAL YYODAK COAL 
Run No. 227-18-12 Run No. 227-25-16 
< _ _ _ _ _ _ _ _ _ _ _  s T A  GI s -----_------ > 

FIRST SECOND FIRST SECOND 
OIL PFL OIL PFL 

87.1 92;7 73.6 91.6 

- - - -  - -  - -  

83.3 
82.9 

1.28 
1.19 
0.95 

14.6 
29.2 

76.6 54.5 52.0 
79.9 64.5 64 .O 

1.25 1.40 1.40 
1.13 1.34 1.24 
0.91 1.06 0.98 

15.7 11 .o 10.6 
31.4 19.3 25.3 

(1) HRI procedure uses matched coal and solvent. 
( 2 )  Conoco procedure uses Indiana V coal .  

Data provided by CONOCO. 

TABLE 4 

- 975OF' RESIDUUM PROPERTIES 

ILLINOIS NO. 6 WYOOAK 

< _ _ _ _ _ _ _  S T A G S _ _ _ _ _ _ _  > 
Run 227-32-9 Run 227-25-16 

W % 975"F+ I n  O i l  

97iV[+H;;p;erti es 

X Nitrogen 
% O i l  
% Asphal tenes 
% Preasphaltenes 

Estimated Net 9750Ft 
Yield - W % MAF Coal 
O i ls  
Asphal tenes 
Pre-Asphal tenes 

TOTAL 

F i r s t  

39.5 

- 

1.03 
0.65 
64.5 
28.6 

6.9 

9.6 
9.3 
3.3 

22.2 

2 79 

Second 

32.1 

0.99 
0.53 
71.9 
23.5 
4.6 

-3.2 
-7.2 
-2.9 

-13.3 

F i r s t  

12.1 

- 

1.06 
0.79 
75.3 
24.1 

0.6 

2.4 
2.2 
0.1 

4.7 

- 

Second 

9.0 

0.98 
0.73 
84.7 
15.0 
0.3 

-0.2 
-1 .R 
-0.1 

-2.1 

- 



TRANSPORTATION FUELS FROM TWO-STAGE LIQUEFACTION PRODUCTS 

Richard F. Sullivan 

Chevron Research Company, P. 0. Box 1627 
Richmond, California 94802-0627 

INTRODUCTION 

FOK several years, Chevron Research Company under a contract with 
the US Department of Energy has been studying the refining of coal 
liquids. Detailed results are given in a series of DOE Interim 
Reports (1). The earlier work emphasized upgrading of products from 
single-stage processes: SRC-11, H-Coal, and EDS. More recently, we 
have been studying products from two different two-stage processes: 
the Integrated Two-Stage Liquefaction (ITSL) Process and the Catalytic 
Two-Stage Liquefaction (CTSL) Process. 

The purpose of this paper is to compare results for syncrudes 
from single-stage and two-stage processes, from different two-stage 
processes, from different coals [Illinois No. 6 (bituminous) and 
wyodak (subbituminous)], and of different boiling ranges from a given 
coal and process. 

The ITSL process, developed by Cities Service and Lummus Crest, 
Inc., operates with a high temperature (over 80O0F) first stage with 
no added catalyst. The product is then deashed, and sent to a 
second-stage that operates at lower temperatures (typically below 
800OF) with an ebullated catalyst bed (2). 

The CTSL process, developed by Hydrocarbon Research, Inc. (HRI), 
operates with two catalytic ebullated-bed stages. In contrast to the 
ITSL process, the CTSL first stage operates at a lower temperature 
(below 8 O O O F )  than the second (!which operates above 8 0 0 ° F )  ( 3 ) .  

Depending upon how each liquefaction process is operated, the end 
point (EP) of the net whole-liquid product will vary. Typically, part 
o r  all of the vacuum gas oil ( V G O )  made by the process is used as 
recycle solvent for the coal. Some or all of it is ultimately 
converted to lower boiling products. Thus, the net whole-liquid 
product can have an EP ranging from below 65OoF to over 85OOF. As we 
will see, the ease or difficulty of upgrading is affected to a large 
extent by product EP. The 650-850'F VGO is relatively difficult to 
upgrade, but is reported to be an excellent recycle solvent. 
Therefore, there may be both upstream and downstream advantages to 
recycling this VGO, as shown for example, by MacArthur et a1 ( 4 ) .  
Ultimately, of course, the costs and yields of both liquefaction and 
upgrading must be used to determine the optimum EP. 

the H-Coal process (1, 5) as our primary basis for comparison with 
single-stage processes. 

In this paper, we will use results for upgrading products from 

FEEDSTOCKS 

Key factors that determine how easy or difficult a particular 
syncrude is to refine are EP, boiling range, hydrogen content, and 
heteroatom content. Also, hot-heptane insoluble compounds (low- 
solubility polycyclic-aromatic and polar compounds, asphaltenes, and 
ash) can make syncrudes difficult to processes. 
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Table I shows properties of pairs of H-Coal and ITSL syncrudes 
derived from Illinois coal. 
H-Coal, CTSL, and ITSL syncrudes derived from wyodak coal. In each 
case, the syncrude identified as "A" had a higher EP than that 

supplied HRI and Lummus in ratios recommended by DOE to represent, as 
nearly as possible, "net whole-liquid prOdUCtS" from these processes. 
[Note: the heavy fractions of Illinois ITSL A and Wyodak CTSL A, 

Table I1 shows properties of pairs of 

i identified as " B " .  The A syncrudes were blended from components 

1 as-received, contained large quantities of hot-heptane insolubles and 

Table I 
SYNCRUDES FROM ILLINOIS NO. 6 COAL 

Process 

Sample Identification 
LV% of As-Received Oil 

Inspections 

Gravity, "API 

Sulfur, ppm 
Nitrogen, ppm 
Oxygen, ppm 

Hydrogen, Wt % 
Carbon, Wt % 

Hot-Heptane 
Insolubles, ppm 

TBP Distillation, OF 
(ASTM D 2 8 8 7 )  

St/5 
1 0 / 3 0  

5 0  
7 0 / 9 0  
9 5 / 9 9  

Boiling Range, LV% 
St-40O0F 
400-700'F 
7 0 0 O ~ +  

A B 
100 8 7  

A B 
9 5  6 9  

2 5 . 8  2 8 . 1  1 3 . 6  1 7 . 6  

2 0 0 0  1 4 0 0  8 6 5  7 0 0  
4600  3 3 0 0  1 0 5 0  7 3 0  

18000 1 9 6 0 0  2 6 0 0  1800 

1 1 . 2 9  1 1 . 4 4  1 0 . 1 9  1 0 . 6 8  
8 6 . 2 5  8 6 . 1 3  8 9 . 3 5  8 8 . 9 9  

3500  5 4  3 7 5  2 9 0  

56 /177  56 /170  9 7 / 2 7 5  9 7 / 2 1 4  
2 1 3 / 3 3 3  2 0 0 / 3 1 0  3 7 5 / 5 3 2  3 1 4 / 4 7 1  

404  3 8 0  6 0 2  5 6  0 
4 7 6 / 5 8 8  440 /508  6 6 5 / 7 4 5  6 0 9 / 6 7 6  
6 5 4 / 7 6 5  5 3 8 / 5 8 9  7 9 3 / 8 5 9  7 0 3 / 7 6 3  

49  57  
4 8  4 3  

3 0 

1 2  18  
6 9  7 6  
19 6 

i 
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Table I1 
SYNCRUDES FROM WYODAK COAL 

Process 

Identification 

LV% Of AS- 
Received Oil 

Inspections 

Gravity , OAPI 
Sulfur, ppm 
Nitrogen, ppm 
Oxygen, ppm 

Hydrogen, Wt % 
Carbon, Wt % 

Hot-Heptane 
Insol., ppm 

TBP Dist., OF 
(ASTM D2887) 
St/5 
10/3 0 
50 

70/90 
95/99 

LV% 
Boiling Range, 

St-40ODF 
400-700°F 
700°F+ 

100 96 93 62 l o o *  52* 

35.1 35.1 29.0 36.1 8 . 8  15.8 
410 250 140 8 8  580 305 

1700 1500 1230 935 1670 1020 
8500 6700 1500 1400 4600 3900 

12.74 12.97 12.14 12.65 9.35 10.48 
86.20 86.20 87.35 87.11 89.76 89.00 

680 <10 216 54 18 0 80 

53/156 52/165 69/184 56/179 295/353 295/340 
173/261 178/269 216/375 206/312 449/507 363/538 

354 356 478 397 653 587 
429/535 424/509 566/706 470/539 710/790 623/668 
602/785 542/603 771/858 571/634 840/941 689/731 

* x  * *  
60 57 34 51 8 (17) 13 (25 
38 43 55 49 57 (58) 8 4  (73 
2 0 11 0 35 (25) 2 ( 2 

* Much of the front end (500°F-) was missing from the Wyodak ITSL 
oils. The missing fraction represented 24 LV% of the net liquid 
product for Syncrude A; 38 LV% for Syncrude B. 

* *  Numbers in parenthesis were corrected for the missing front end. 

Figure 2 shows the distillation curves of the Wyodak oils. 
[Wyodak H-Coal B is omitted, because only 4% was removed by 
distillation. Therefore, its curve would lie close to that wyodak 
H-Coal A, except for the EP which was much l0wer--603~F instead of 
785'F.I Based on information supplied by Lummus, the ITSL curves were 
Corrected to include the missing front end. As with the Illinois 
oils, the Wyodak H-Coal oil contained large amounts of naphtha; the 
Wyodak ITSL oil much more middle distillate. The CTSL oils were 
intermediate in boiling range and had a more even distribution than 
either the H-Coal O K  ITSL oils. 

In general, the two-stage products contained fewer nitrogen- and 
oxygen-containing compounds than the single-stage products. 
[Exception: Wyodak ITSL A and wyodak H-Coal contained about the same 
amounts of nitrogen.] The H-Coal oils contained considerably more 
hydrogen than the ITSL oils, and slightly more hydrogen than the 
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5 

comparable CTSL oils. Probably, the higher hydrogen content was a 
result Of the higher severity required for the single-stage process. 
In contrast, Figure 3 shows that within a given boiling range, the 
two-stage products had higher hydrogen contents than comparable H-Coal 
oils. Together, these two sets of observations may seem to present a 
paradox. However, the results are explained by the boiling 
distributions--the H-Coal oils contained more of the comparatively 
hydrogen-rich low-boiling components than the two-stage oils. 

I 

HYDROTREATING PILOT PLANT TESTS 

Discussion. The major goals of the hydrotreating runs were 
either (1) to make specification jet fuel or diesel fuel and a naphtha 
suitable for catalytic reforming in a single hydrotreating step; or 
( 2 )  to make a product suitable for hydrocracking in a second step. 

contaminants-sulfur, nitrogen, and oxygen--had to be removed by the 
hydrotreatment. Typically, the control target for product nitrogen 
content was 0.5 ppm or below. Sulfur is relatively easy to remove 
compared to nitrogen, and therefore was of little concern in this 
study. [Although sulfur is much easier to remove than nitrogen, the 
equilibrium concentrations of sulfur are somewhat higher than nitrogen 
in products hydrotreated in a single stage.] Oxygen-containing 
compounds can be as hard or harder remove than nitrogen compounds. 
However, when the nitrogen was removed to 0.5 ppm, organic oxygen 
content was also removed to less than 10 ppm (based on limited 
analytical results). Most of the reported 50-100 ppm oxygen in the 
products was dissolved water. 

In addition to removing the heteroatoms, it is necessary to 
hydrogenate most of the aromatics compounds in these fractions if 
finished jet fuel or diesel are to be the main products from a single 
hydrotreating step. One of the purposes of this work was to show the 
degree of aromatics saturation needed for specification diesel and jet 
fuel. The amount of hydrogen consumed will be determined by the 
hydrogen contents of the feed and products, and the amounts of 
heteroatoms removed. 

To meet either goal, almost all of the heteroatom 

If the hydrotreated product is to be hydrocracked, the 
hydrotreating severity can be somewhat less severe than if jet and 
diesel fuels are to be finished product. Additional hydrogen will be 
added in the second-stage hydrocracker. 
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Table I11 
HYDROTREATING TESTS WITH ICR 106 CATALYST 

Syncrudes listed in increasing Order of hydrotreating difficulty 

LHSV 
H~ Pressure, psia. 

0.5 1.0 1.5 1.5 1.5 1.5 
2300 2300 2300 1800 1400 1000 

wyodak CTSL B (EPx634OF) 
Temperature, OF 
H2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Wyodak H-Coal A (EP=603OF)* 

Illinois H-Coal B (EP=58g°F) 
Temperature, OF 
H2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Wyodak ITSL B (EP=731°F) 
Temperature, OF 
n2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

wyodak H-Coal A (EP=785'F) 
Temperature, O F  

H2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Illinois ITSL B (EP=763OF) 
Temperature, OF 
n2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Temperature, OF 
H2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Temperature , O F  

H2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, LV% 

Illinois ITSL A (EP=859'=F)* 

Illinois H-Coal A (EP=765OF) 

Wyodak CTSL A (EP=85E°F) 

Wyodak ITSL A (EP=941°F) 
Temperature, O F  

n2 Consumption, SCF/B 
Product Nitrogen, ppm 
Product Aromatics, Lv% 

680 
775 
0.5 

3 

6 
16 
< O  

710 
1600 
<0.2 

10 

750 
2150 
<0.3 

2 

750 
825 
0.3 
24 

750 
1825 

4 
42 

705 
725 
<0.3 

3 

750 
2000 
<0.3 

2 

750 
1225 
<0.3 

3 

730 
1400 
<0.2 

26 

750 
1600 
0.3 
20 

715 
725 

<0.3 
4 

750 
1950 
<0.3 

5 

7 50 
950 

<0.3 
13 

745 
950 
0.4 
38 

7 50 
1275 

10 
35 

715 715 715 
690 450 180 
<0.3 <0.3 <0.3 

6 14 25 

745 
600 
6 
58 

750 
825 
50 
45 

* Rank estimated from tests at other conditions (Reference 1). 
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Some generalizations can be made, based on the ease of 
hydrotreating and feed properties: 

(1) For a given boiling range, syncrudes from two-stage 
liquefaction are easier to upgrade than those made in one-stage--that 
is, lower hydrotreating severity is needed for a given product quality 
in upgrading. This result appears to be the effect of the lower 
heteroatom contents of two-stage syncrudes. 

(2) For syncrudes from a given liquefaction process, relatively 
small increases in EP can make the syncrudes much harder to upgrade. 
For example, a good correlation (roughly linear) was found between 
required catalyst temperature and syncrude EP for a group of ITSL 
Oils, regardless of coal source. For example, Wyodak ITSL B ( E P  = 
634'F) could be hydrotreated at a temperature about 100DF lower than 
Wyodak ITSL A ( E P  = 94l0F) for the same degree of heteroatom removal. 
[See Figure 4, Reference 6.1 

Not surprisingly, the easiest oils to process were the three 
syncrudes with EPs below 65O0F--Wyodak CTSL light oil (B), and the two 
redistilled H-Coal (B) oils. The CTSL appears to be the easiest of 
the three. Although it had a slightly higher EP than the others, it 
had the advantage of a lower heteroatom content. 

oil B had the lowest EP and was easiest. Next is wyodak H-Coal B. 
Although it had a slightly higher EP than the oils in this group, it 
had a much lower average boiling range. Illinois ITSL B ranked next. 
It was much easier than Illinois H-Coal A, which had about the same EP 
but a much higher heteroatom content. 

A was clearly the easiest. Although its EP was about the same as 
Illinois ITSL A, it had a lower average boiling range and lower 
heteroatom content. Of all the oils, wyodak ITSL A was the most 
difficult to process. It contained the most 7OOoF+ material of any of 
the syncrudes, and had the highest EP (941OF). 

sever+ ays to + severa months. 
limits of the tests, ICR-106 catalyst appeared to stable for 
heteroatom removal during all of the tests shown in Table 111. The 
exception: With Illinois H-Coal A, the catalyst lost about 20°F of 
activity during 1100-hr at 1.5 LHSV and 1800 psia hydrogen partial 
pressure. In contrast, Illinois ITSL B (with about the same EP as 
Illinois H-Coal A) was stable during a 900-hr test at the same 
conditions. The difference was probably due to the lower heteroatom 
and hot-heptane insolubles contents of the ITSL oil. [The higher EP 
oils were not tested at this pressure, but would be expected to cause 
appreciable catalyst deactivation also.] 

Of the four oils with EPs between 70OOF and 8OOoF, Wyodak ITSL 

Finally, of the three oils with EPs above 8 0 0 ° F ,  Wyodak CTSL oil 

Catal st Stabilit . The length of specific tests varied from 
With one exception and within the 

YIELDS 

For syncrudes with EPs below 800°F, there was relatively little 
cracking during hydrotreating, and the feed boiling range determined 

hydrogenation). As an example, Table IV contrasts yields of products 
I product boiling range (except for some EP reduction due to 

1 from Illinois H-Coal A and Illinois ITSL 8 ,  two oils that have about I 
i the same EP but widely different boiling ranges. 
1 
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Table IV 
HYDROTREATING TO 0.2 PPM NITROGEN (0.5 LHSV, 2300 psia H2) 

Syncrude H-Coal ITSL 
Catalyst Temperature, OF 750 710 

Yields, Based on Fresh Feed 
C1-C4, Wt % 0.3 0.2 
C5-250°F, LV % 20.4 7.0 
25O-35O0F, LV% 26.3 6.8 
350-550°F, LV% 57.7 53.6 
55OoF+, LV% 6.4 40.6 
Total C5+, Lv% 111 108 

Chemical H2 Consumption, SCF/B 2150 
Product Aromatics, LV% 2 

1600 
12 

For higher EP syncrudes, higher hydrotreating severities were 
required and more cracking occurred. Still, Cl-C4 yields were low (2 
LV% OK below), indicating efficient use of the hydrogen. 

PRODUCT PROPERTIES 

General Comments. After hydrotreating, products of similar 
boiling ranges from the different liquefaction processes and different 
coals were quite similar. After removal of heteroatom-containing 
compounds, the products mainly consisted of cyclic hydrocarbons. The 
severity of hydrotreating determined the amount of hydrogenation of 
aromatics to naphthenes. There were, however, some differences. 
Products from subbituminous coals contained more paraffins than those 
from bituminous coals. 

Naphtha. Hydrotreated and hydrocracked naphthas from coal 
liquids are excellent feeds for catalytic reformers because of the 
high content of cyclic compounds. Paraffin contents of all the 
hydrotreated naphthas were low, although the Wyodak naphthas contained 
somewhat more paraffins than those from Illinois coal as shown by 
Table V. 

PARAFFIN 
Table V 

CONTENTS OF TYPICAL 150-350'F HYDROTREATED NAPHTHAS 

Feed Source Paraffins, e 
Wyodak H-Coal 23 
Wyodak ITSL 23 
Wyodak CTSL 18 
Illinois H-Coal 11 
Illinois ITSL 7 

-- 

At the higher hydrotreating severities, the cyclics in the 
naphthas were almost all hydrogenated. The naphthenes, however, could 
be dehydrogenated to high-octane aromatics by catalytic reforming at 
relatively mild conditions compared to those required for typical 
petroleum naphthas. Or, when reformed at higher severities, these 
naphthas would make extremely high octane products for gasoline 
blending OK for chemicals production (benzene, toluene, and xylene). 
In the reforming process, much of the hydrogen consumed during 
hydrotreating would be recovered. [We have not performed catalytic 
reforming studies on naphthas from the two-stage, processes, but 



results would be expected to be similar to those previously reported 
for naphthas from single stage processes (7).1 

of 20mm.(minimum), most of the aromatics in the coal liquids had to 
be hydrogenated. 

Figure 4 is a plot of smoke point versus aromatic content of 
kerosene jet fuels from the various syncrudes. The results fall into 
two rough groups, those from Wyodak coal and those from Illinois coal. 
At a given aromatics content, those from Wyodak coal had smoke points 
2-3 mm higher than those from Illinois coal, a consequence of the 
higher Wyodak paraffin content. [The Wyodak jet contained about 10 
LV% paraffins; the Illinois jet, 1-3 LV%.] The Illinois jet fuels met 
the jet smoke specification of 20 mm at 10% aromatics or lower; the 
Wyodak jet fuels met the specification at about 16 LV% aromatics. 
[Some of the scatter in results for products from a given coal was due 
to different boiling distributions. Those jet fuels containing more 
low boiling material had somewhat higher smoke points.] 

Jet. To make jet fuel meeting the ASTM smoke point specification 

Jet fuels from coal offer some unique advantages over those from 
petroleum. Because they contain high concentrations of naphthenes, 
they are very dense and have high heating values by volume. 
Therefore, they could have specialized uses, such as for military 
fuels. FOK example, Figure 5 shows the densities of narrow boiling 
fractions of hydrotreated ITSL oil. Jet fuel of a desired density 
could be made by adjusting the boiling range. The ASTM specification 
for jet fuel gravity is 37OAPI (minimum). However, this specification 
is probably unnecessary for aircraft with modern flow controllers, and 
lower gravity (higher density) fuels could be acceptable. Also, these 
jet fuels have unusually low freezing points, because of low normal 
paraffin contents. 

Diesel. Diesel products from both single-stage and two-stage 
p r o c e m e t  typical ASTM specifications. A relatively high degree 
of hydrogenation was needed to meet the cetane-number specification of 
40 (minimum). 

aromatics content for products from single-stage and two-stage 
processes. With the two-stage oils, the specification was met with an 
aromatics content of about 20 Lv%; with single-stage oils, an aromatic 
content of less than 10 LV% was needed. These differences, however, 
were not necessarily the result of single-stage versus two-stage 
processing. Rather, they appear to be due to changes in boiling 
ranges of the diesels. For example, Table VI compares pairs of 
samples of different boiling ranges. The aromatics and paraffin 
contents within a given pair were about the same. Within each pair, 
the higher boiling sample had the higher cetane number. Also, in 
other comparisons (1). the more paraffinic diesels had higher cetane 
numbers, when other properties were about equal. 

Figure 6 shows the relationship for cetane number versus 

AS with the jet fuels described above, these coal-derived diesel 
fuels had excellent cold weather properties, and high volumetric 
energy contents. 
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Table VI 
EFFECT OF BOILING RANGE ON CETANE NUMBER 

Source Initial, Midpoint, Cetane Aromatics, Paraffins, 
O F  (TBP) OF (TBP) No. LV, % LV% 

Wyodak CTSL 2 5 0  414 4 4 . 2  3.9 9 . 5  
350 4 5 4  48.7 4.6 7.7 

Illinois ITSL 2 5 0  5 2 0  43.1 9.8 <1 
350 538 45.3 11.7 <1 

Illinois H-Coal 2 5 0  393 35.9 15.6 3.6 
350  438 37.7 18.5 3.7 

HYDROCRACKING RUNS 

If the feed EP is below 775'F and if diesel fuel is a desired 
product, further cracking conversion of hydrotreated coal syncrude 
will probably not be necessary. The EP will be lowered somewhat due 
to hydrogenation, and little or no hydrotreated product will boil 
above the diesel range. However, if the feed EP is higher than 775OF 
or the desired products are either all-gasoline or a combination of 
gasoline and jet fuel, further conversion may be necessary. In a 
other papers (8, 9 ) ,  we discussed in detail the hydrocracking of 
hydrotreated H-Coal and ITSL oils. Hydrocracking is a flexible 
process that can be varied to make only naphtha or a combination of 
gasoline and middle distillate. The products from hydrocracking coal 
oils are similar to those obtained from hydrotreating; the quantities 
of each can be varied, depending upon demand. 

The liquid yields from hydrocracking were greater from ITSL 
syncrudes than those from H-Coal or CTSL syncrudes. This is because 
of the larger fraction of high boiling material in the ITSL syncrude, 
the lower hydrogen content, and--as a result--the greater volume 
expansion during hydrocracking. For example, the yield of C5+ naphtha 
was 115 LV% (based on fresh feed to the first-stage hydrotreater) when 
when Illinois ITSL B was hydrocracked at 350°F recycle cut point, 
compared to 108 LV% from Illinois H-Coal A. Thus, 7 LV% more liquid 
was made from a given volume of ITSL syncrude than from H-Coal 
syncrude. 

TWO-STEP HYDROTREATING OF HIGH EP SYNCRUDES 

Specification jet and diesel fuels were made from all of the 
syncrudes with EPs below 775'F in a single-step by hydrotreating at 
relatively severe conditions. However, with the three high EP feeds 
listed at the bottom of Table 111, the jet and diesel were either 
marginal or too aromatic to meet specifications directly--even at 0.5 
LHSV and 2300 psia hydrogen pressure . 

syncrude), suggested an alternative upgrading route. 

than decreased when the catalyst temperature was increased from 75OOF 
to 775'F. Then, it was shown that the aromatic content remained about 
the same when the LHSV was reduced by a factor of two (to 0 . 2 5  LHSV) 
and the temperature held constant. Together, these results indicated 

A series of experiments with wyodak ITSL A (the most difficult 

First, it was shown that the aromatic content increased rather 
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that the equilibrium was unfavorable for hydrogenation of some of the 
high-boiling polycyclic-aromatic compounds at the run conditions. 

Therefore, we tried an two-step approach: (1) Hydrotreat at 
relatively high temperature (e.g., 750°F) to remove most of the 
heteroatoms. (2) Further hydrogenate at lower temperatures 
(e.g.,600-650°~) for further aromatics saturation. 

In the next test, product from the initial experiment (75O0F, 0 . 5  
LHSV, 2300 psia H2), which contained 42 % aromatics, was hydrotreated 
a second time using the same catalyst. The LHSV and pressure were 
kept the same, but the temperature decreased to 650°F--1000F lower 
than previously. Due to the more favorable equilibrium at 650°F. 
product aromatics were reduced to 12%. The jet and diesel fractions, 
respectively, exceeded smoke point and cetane number specifications. 
Also, enough EP reduction was achieved so that less than 5% of the 
product boiled above the diesel range. 

When,the temperature was further decreased to 6OO0F, the aromatic 
content of the product did not decrease further, but increased to 20%. 
[The rate of hydrogenation was lower, although the equilibrium was 
even more favorable than at 65OOF.l The diesel fraction still met the 
cetane number specification, however. 

The results show that two-step hydrotreating [with the second 
hydrotreatment at a relatively low temperature] is an alternative to 
the hydrotreating/hydrocracking route for upgrading high EP syncrudes, 
provided diesel fuel is a desired product. 

CONCLUSIONS 

Coal liquids produced in the ITSL and CTSL processes with EPs 
from about 600°F to over 900°F were hydrotreated to make diesel and 
jet fuels, and naphthas suitable for catalytic reforming to gasoline. 
Specific conclusions are as follows: 

comparable boiling-range products from single-stage processes, due to 
lower nitrogen and oxygen contents. However, as with products from 
single-stage processes, relatively small increases in EPs made the 
oils much harder to upgrade. 

( 2 )  Except for modest differences in paraffin contents, 
properties of finished products of given boiling ranges from both 
wyodak and Illinois coals, and both one- and two-stage processes 
studied were fairly similar, and mainly consisted of cyclic 
hydrocarbons. Products from Wyodak coal were somewhat more paraffinic 
than those from Illinois coal. 

(1) Oils from two-stage processes were easier to upgrade than 

( 3 )  Product boiling ranges were different, depending upon the 
liquefaction process and the cut point used in that process. The 
single-stage processes made more naphtha than the two-stage processes 
at a given cut point; the two-stage processes made more middle 
distillate. The ITSL process made more middle distillate than the 
CTSL process. Diesel products from two-stage processes had higher 
cetane numbers at a given aromatic content than those from 
single-stage processes. At least in part, this was due to product 
boiling range differences. 
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(4) In all cases studied, the jet fuel and diesel products had 

(5) Wyodak CTSL light oil had a higher hydrogen content and lower 

high densities and, therefore, high volumetric-energy contents. 

heteroatom content than the other oils. These factors, plus its low 
EP, made it easier to upgrade than the other syncrudes studied. 

(6) For high EP syncrudes, an attractive upgrading route is a 
two-step process--hydrotreating to remove most of the heteroatoms, 
followed by low-temperature hydrogenation to saturate aromatics. 
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FIGURE 5 
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INTEGRATED TWO-STAGE LIQUEFACTION: THE LEGACY AND THE UNFINISHED WORK 

ENEO C. MORONI 

U.S. Department of Energy, FE-34 GTN, Washington, D.C. 20545 

INTRODUCTION 

The In teg ra ted  Two-Stage L ique fac t i on  (ITSL) concept has received considerable 
a t t e n t i o n  by many l a b o r a t o r i e s  and has emerged as one o f  t h e  most promising 
technology i n  d i r e c t  coal l i que fac t i on .  

DOE/Lummus/Cities Service, EPRI/Kerr McGee, t h e  W i l s o n v i l l e  teams, Chevron and 
Exxon (1 )  have been i n  one way o r  another invo lved i n  processes conforming t o  
t h e  ITSL concept, each one w i t h  a somewhat d i f f e r e n t  approach o r  processing 
scheme. Recently, HRI ( 2 )  has developed another staged l i q u e f a c t i o n  concept 
which recen t l y  has received DOE support f o r  extended continuous bench-scale 
t e s t i  ny. 

Major achievements were obtained dur ing t h e  development o f  the ITSL process a t  
Lummus, from May 1980 t o  June 1985, which have changed s u b s t a n t i a l l y  our 
approach t o  coal l i q u e f a c t i o n  techniques and i n s p i r e d  new thoughts i n  
unravel ing the mechanism o f  d i r e c t  coal l i q u e f a c t i o n  a t  low s e v e r i t y  opera- 
t i ons .  These novel mechanist ic considerations need t o  be supported wi th  
f u r t h e r  s tud ies  u s i n g  s u i t a b l e  model compounds, some o f  which have been 
recen t l y  proposed ( 3 ) .  

Several papers have repor ted t h e  e a r l y  development o f  the ITSL process and 
re la ted  p r o j e c t s  (4-8). This paper has t h e  o b j e c t i v e  t o  d i vu lge  t h e  most 
recent achievements o f  an evolved ITSL process, p o i n t i n g  out  t h e  un f i n i shed  
work, and t o  expand the  concept o f  the low-sever i ty  staged approach which 
resu l ted  from t h e  evolved ITSL process and emerged as the most des i rab le  
pathway f o r  t he  d i r e c t  product ion o f  marketable l i q u i d  f u e l s  from coals: 
The u l t i m a t e  o b j e c t i v e  i s  t o  i n t e r e s t  t he  researchers dedicated t o  
fundamentals o f  coal  l i q u e f a c t i o n  toward t h e  technologica l  needs and the  
understanding o f  r e a c t i o n  mechanism, k i n e t i c s  and thermodynamic l i m i t a t i o n s  
res id ing  w i t h  t h e  novel, low-sever i ty  staged coal l i q u e f a c t i o n  approach. 

THE ITSL LEGACY 

Major accomplishments obtained a t  low-sever i ty  operations i n  a 3/4 ton/day 
ITSL process development u n i t  a t  Lummus and from r e l a t e d  bench-scale s tud ies 
i n  various l abo ra to r ies ,  inc lude:  

LOW s e v e r i t y  produced ex t rac ts  are low i n  heteroatoms and more 
e a s i l y  bydrogenatabl e, cons i s ten t l y  y i e l d i n g  excel  1 en t  equi 1 i brium 
donor solvent (9). 

No h igh  v i s c o s i t y  ge l  reg ion i s  apparent over t h e  28D-35OoC 
temperature range f o r  a s l u r r y  o f  bituminous coal and ITSL 
so lvent ,  as was the  case f o r  s l u r r i e s  prepared w i t h  t h e  same 
coal and o the r  types o f  so lvent  (10). 

294 



Low seve r i t y  processing forms most ly  reac t i ve  low molecular- 
weight fragments. Conversely, s i n g l e  stage thermal and thermal/ 
c a t a l y t i c  processing produce high-molecular weight products 
thought t o  be a c t u a l l y  condensation products o f  such smal ler  
fragments and consequently, l ess  r e a c t i v e  (11). 

Proton N M R  analys is ,  modi f ied t o  p rov ide  data on ITSL d i s t i l l a t e  
and n o n - d i s t i l l a t e  f rac t i ons ,  has been shown t o  be usefu l  i n  t h e  
development o f  a k i n e t i c  model f o r  coal e x t r a c t  hydroprocessing, 
thus enabling us t o  d i s t i n g u i s h  c a t a l y t i c  hydrogenation and 
cracking reactions, and t o  p r e d i c t  t h e  so lvent  donor c a p a b i l i t y  
as we l l  as the  y i e l d  s t ruc tu re  o f  t he  upgraded products (12). 

A mix ture o f  condensed aromatics, hydroaromatics, p a r a f f i n s  and 
t h e i r  respect ive heteroatom de r i va t i ves  i s  produced du r ing  coal 
l i que fac t i on .  This m ix tu re  tends t o  be unstable because o f  t he  
i n c o m p a t i b i l i t y  between po la r  heteroatom compounds and hydro- 
carbons. as we l l  as between condensed aromatics and p a r a f f i n s .  
Condensed hydroaromatics, having c lose r  a f f i n i t y  f o r  both 
aromatics and p a r a f f i n s ,  tend t o  keep them i n  so lu t i on ,  thus 
c o n t r i b u t i n g  t o  t h e  s t a b i l i t y  o f  t he  coal ex t rac t .  Low s e v e r i t y  
coal e x t r a c t i o n  y i e l d s  a l a r g e r  quan t i t y  o f  hydroaromatics and 
small amounts o f  h igh  heteroatom, condensed aromatics and 
p a r a f f i n s  (12). 

Best ca ta l ys ts  tes ted  are those modi f ied t o  suppress t h e  
hydrocracking a c t i v i t y  and enhance hydrogenation f u n c t i o n a l i t y  (9) .  

Coal der ived t r a n s p o r t a t i o n  fue l s ,  produced by r e f i n i n g  o f  
d i s t i l l a t e  from low s e v e r i t y  operations, possess inherent  h igh 
q u a l i t y  which i s  due most ly  t o  t h e i r  hydroaromatic (naphthenic) 
nature. Coal der ived naphthas conta in  l a r g e  q u a n t i t i e s  o f  h i g h l y  
a l ky la ted  cyclohexanes which, b y  reforming, convert t o  t h e  
corresponding benzenes and i n  t h e  process, recover a l a r g e  
p o r t i o n  o f  t he  hydrogen t o  make the  o v e r a l l  coal l i q u e f a c t i o n  
approach economical ly more a t t r a c t i v e .  A1 ky la ted  benzenes are 
the  major con t r i bu to rs  t o  the  h igh  octane gasol ine thus formed. 
Coal der ived middle d i s t i l l a t e  i s  c o n s t i t u t e d  most ly  o f  di-and 
t r i -hydroaromat ics and corresponding aromatics. 

Fur ther  r e f i n i n g  has been successfu l ly  employed t o  convert some 
o f  t he  aromatics t o  meet marketable j e t  and d iese l  s p e c i f i c a t i o n s  
o f  smoke p o i n t  and cetane number, respec t i ve l y  (13). 

From the  operat ion o f  t h e  process development u n i t  (PDU) a t  Lumnus (9 )  t he  
fo l l ow ing  important r e s u l t s  were obtained: 

Subbituminous coal was demonstrated t o  be an a t t r a c t i v e  feed f o r  
d i r e c t  l i q u e f a c t i o n :  
(2.9 bb l / t on  o f  moisture-ash-free coal compared t o  3.2 f o r  
bituminous coals)  bu t  i t s  lower cost, h ighe r  r e a c t i v i t y  i n  t h e  
second stage and i t s  ease i n  being converted t o  a l i g h t e r  product 

The d i s t i l l a t e  y i e l d  was s l i g h t l y  lower  
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are ove r - r i d ing  features i n  i t s  favor .  
Wyodak coal demonstrated good o p e r a b i l i t y  i n  both reac t i on  stages 
and was e a s i l y  deashed. 

When the  deasher i s  placed a f t e r  t he  LC-Fining reactor ,  t h e  
d i s t i l l a t e  y i e l d  was increased seven percent. 
t he  LC-Fining c a t a l y s t  was unaf fected by ash feed and reactor  
volume i s  unchanged. 

Most o f  the LC-Fining reactor  volume could be replaced by a f i x e d  
bed hydrocracking u n i t .  This resu l ted  i n  an equa l l y  good y i e l d  
of  -65OOF product  w i t h  no loss i n  hydrogen e f f i c i e n c y .  
-65OoF product contained less than 100 ppm s u l f u r  and less  than 
500 ppm ni t rogen,  making t h i s  a clean, l i g h t  and env i ronmenta l ly  
acceptable product. 
t he  second stage reac to r  volume by a t  l e a s t  1 8  percent and may 
a lso g r e a t l y  s i m p l i f y  and reduce t h e  cost  o f  the deashing sect ion.  

The SCT r e a c t i o n  was operated a t  500 and 1000 ps ig,  w i t h  no 
adverse e f f e c t  on y i e l d s  o r  hydrogen usage. 
F in ing as t h e  on ly  h igh  pressure sec t i on  o f  t h e  process. 

Analysis o f  t h e  r e s u l t s  i nd i ca ted  t h a t  a commercial SCT reac to r  
can be designed t o  r e t a i n  a l l  t h e  important features o f  t h e  PDU. 
There i s  every reason t o  be l ieve t h a t  SCT can be scaled t o  
commerci a1 s i z e  . 
Deasher bottoms were coked t o  produce add i t i ona l  l i q u i d  products. 
The l i q u i d  y i e l d  was about 20 percent o f  the organic ma t te r  i n  
the ash-r ich feed. 

Low temperatures o f  about 7OO0F, do not prov ide s u f f i c i e n t  
hydrogenation t o  rep len i sh  so lvent  q u a l i t y ,  wh i l e  a t  80OoF t h e  
solvent conta ins i n s u f f i c i e n t  t rans fe rab le  hydrogen. 
t h e  optimum temperature f o r  both conversion and regenerat ion o f  
recyc le so lvent  i s  about 724-750°F (9). 

I n  an t i so l ven t  deashing experiments, THF-insoluble/quinol i ne -  
so lub le preasphaltenes p r e c i p i t a t e  cons is ten t l y  w i t h  t h e  mineral 
matters, whereas t h e  THF-soluble preasphaltenes do not. This 
i nd i ca tes  t h a t  THF-insoluble preasphaltenes may be the  major cause 
of mineral ma t te rs  agglomeration, increas ing t h e i r  diameter and 
causing t h e  p a r t i c l e s  t o  s e t t l e  f a s t e r  (14). 

In  add i t i on ,  ITSL wi th 

More impor tant ly ,  

The 

Furthermore, t h i s  f l ow  con f igu ra t i on  reduces 

This leaves t h e  LC- 

Therefore, 

THE UNFINISHED WORK 

The m s t  s i g n i f i c a n t  achievements o f  t h e  ITSL program came i n t o  focus du r ing  
t h e  l a s t  p a r t  of t he  ITSL p r o j e c t  and o f  t he  re la ted  p r o j e c t s  before they 
ceased operation. I n  t h i s  p a r t i c u l a r  period, those who c lose ly  monitored 
t h e  ove ra l l  program, gathered t h e  l a r g e  set  o f  data made ava i l ab le ,  and 
s t ruc tu red  them f o r  s u i t a b l e  process engineering and economic evaluat ion,  
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became aware o f  an evo lu t i ona ry  t r e n d  i n  coal l i q u e f a c t i o n  processing. 
The major f ac to rs  c o n t r i b u t i n g  t o  t h i s  novel t rend  were: 1 )  t h e  b e t t e r  
understanding o f  t he  very s e n s i t i v e  interdependency between the  stages o f  coal  
ex t rac t i on ,  o f  t he  coal e x t r a c t  upgrading and hydrogen donor recyc le so lvent  
requirements. which emerged only  from t h e  data produced i n  a continuous, 
i n teg ra ted  recyc le mode o f  operations, and 2 )  t h e  more favorable r e s u l t s  o f  
low-sever i ty  operations, p r a c t i c a l l y  so lv ing,  i n  an easy and elegant manner, 
most i f  not  a l l  t h e  problems encountered by us ing h igh-sever i ty  operat ions 
which were p rac t i ced  i n  e a r l i e r  processes. i.e. German, H-Coal, SRC-11, e tc .  

But perhaps more important t o  t h e  fundamental research community i s  t h e  
fac t  t h a t  t he  l a r g e  se t  o f  ITSL data under s c r u t i n y  f o r  process development, 
lacks the  fundamental data t o  support t he  profound changes i n  t h e  mechanism 
and k i n e t i c s  occu r r i ng  a t  low-sever i ty  coal l i que fac t i on .  

Some o f  t h e  concepts and technology needs are ou t l i ned  below. 

Preservation o f  h i g h l y  react ive,  small fragments i n  t h e  coal e x t r a c t  
i s  o f  utmost importance i n  producing an exce l l en t  donor so lvent  and 
h igh  q u a l i t y  d i s t i l l a t e  f u e l  products. For t h i s  purpose, t h e  
fragments should be withdrawn from t h e  e x t r a c t i o n  reac to r  as soon 
as they are formed. 
by recyc l i ng  i t  w i t h  the  preasphaltenes as p a r t  o f  t h e  recyc le 
solvent. 

Be t te r  preservat ion o f  t he  reac t i ve  small fragments can be 
achieved by increas ing t h e  donatable hydrogen l e v e l  and decreasing 
t h e  heteroatom content o f  t h e  recyc le solvent. It i s  important 
f o r  t h e  super ior  hydrogen donor so lvent  t o  penetrate the l e s s  
reac t i ve  macerals. Consequently, i t  i s  advisable t o  a l low f o r  a 
thermal soaking treatment. i .e., a t  250-350°C temperature range 
f o r  10-30 minutes, p r i o r  t o  the  sho r t  contact  t ime (SCT) r e a c t i o n  
o f  rap id  heat ing (two minutes) t o  t h e  45OoC e x i t  temperature. It 
i s  ev ident  t h a t  a l l  t h e  above a c t i v i t i e s  are interdependent and 
t h e  improvements maximized i n  an i n teg ra ted  recy le process. 

It i s  extremely d i f f i c u l t  t o  capture i n  research bench scale u n i t s  
the  essence o f  t h e  r e s u l t s  produced i n  the  i n teg ra ted  recyc le 
process, because most o f  t he  key bene f i t s ,  i.e., coal conversion 
and enhanced donor so lvent  q u a l i t y ,  are obtained on ly  a f t e r  
several cyc les o f  t h e  i n teg ra ted  staged operations. Bench sca le  
researchers could avoid t h e  long and ted ious recyc le operations 
by apply ing the  aforementioned k i n e t i c  model f o r  coal e x t r a c t  
hydroprocessing (12) and us ing proton-NMR data o f  t he  coal 
ex t rac t  t o  p r e d i c t  so lvent  donor c a p a b i l i t y  and y i e l d  s t r u c t u r e  
o f  t he  upgraded products. 

Proton-NMR analys is  is '  rap id,  requi res small samples, i s  h i g h l y  
r e l i a b l e  and has exce l l en t  r e p r o d u c i b i l i t y .  

Removal o f  t he  heteroatoms i n  t h e  e a r l y  stage o f  coal e x t r a c t i o n  
i s  des i rab le  and ought t o  be sequential,  removing f i r s t  t h e  more 
abundant oxygen and thus making eas ie r  t h e  subsequent n i t rogen  
removal. 

The unconverted coal can be f u r t h e r  converted 
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Complementary fundamental s tud ies on C-0 and C-N bond sc i ss ion  
should be emphasized over t h e  cu r ren t  C-C bond crack ing e f f o r t .  

Most o f  t h e  s u l f u r  i s  converted t o  hydrogen s u l f i d e  du r ing  t h e  
two above sequences, and t h e  H S must be kept i n  the  system as 
c a t a l y s t  i t s e l f  and as "act iva?or"  o f  t r a n s i t i o n  metal ca ta l ys ts .  

It i s  essen t ia l  t h a t  t he  ITSL technology be pursued t o  t h e  
completion o f  t he  evo lu t i ona ry  t r e n d  which became almost dormant 
w i t h  the  te rm ina t ion  o f  most of t he  ITSL p ro jec ts .  
t h e  fundamental research community t o  f i l l - u p  t h e  gap o f  
suppor t i ve  fundamental research through stud ies o f  thermodynamics, 
k i n e t i c s  and r e a c t i o n  mechanisms involved i n  low-sever i ty  
operat ions which are p a r t  of the ITSL process. 
i n t e r e s t  would be t h e  matching o f  reac t i on  k i n e t i c s  o f  
dehydrogenation o f  t h e  hydrogen donor so lvent  w i t h  t h e  hydrogen 
acceptancy o f  coal ex t rac ts .  

Those o f  us i nvo l ved  i n  these e f f o r t s  are o p t i m i s t i c  about the  
f u t u r e  o f  low-sever i ty  d i r e c t  coal l i q u e f a c t i o n  and the  q u i t e  
s i m i l a r  c o a l / o i l  co-processing as t h e  p r a c t i c a l  approaches i n  
he lp ing  t o  a l l e v i a t e  an i nc reas ing l y  energy-def ic ient  world. 

It i s  up t o  

O f  p a r t i c u l a r  
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Comparative Economics of Two-Stage Liquefaction Processes 

David Gray, Glen Tomllnson, Abdel El Sawy and Abu Talib 

The MITRE Corporation. 1820 Dolley Madison Blvd. Mclean, Va. 22102 

Background 

by Lummus-Crest (1). that two stage liquefaction provides an 
attractive route to coal liquefaction by optimizing the discrete 
stages in conversion of solid coal to distillate. 
improvements in process efficiency, product yield and quality have 
been demonstrated, the current limited kowledge of coal structure 
and liquefaction chemistry still necessitates empirical testing of 
process alternatives. 

A number of promising process alternatives have been developed 
and are under current investigation at a bench or process 
development unit (PDU) scale by a number of contractors under DOE 
sponsorship. The contractors include Lummus-Crest, Southern 
Services (Wilsonville) (2), Hydrocarbon Research Inc., (3) and Amoco 
(4). The process variations under current investigation are as 
follows: 

It has been recognized in research and development carried out 

While 

0 

Production of a major part of the distillate product in 
Stage 1 versus Stage 2. 
Catalytic first and second stage versus thermal first 
stage and catalytic second stage. 
Critical Solvent Deashing versus Anti-Solvent Deashing. 
Direct coupling of Stages 1 and 2 without intermediate 
deashing. 

DOE requested that MITRE undertake a comprehensive technical 
and economic analysis of all the two-stage coal liquefaction 
configurations currently under development in order to quantify the 
improvements made in the production of high quality distillates from 
coal. Table 1 lists the processes that were analyzed in this task. 

The methodology used to perform this analysis was as follows: 

Review teat data. Select most representative run for each 

0 
process using both Illinois #6 and Wyoming coals. 
Scale test data to develop material balances for 
conceptual commercial plants processing 30,000 tons per 
day of moisture free coal to the liquefaction units. 
Identify unit operations for commercial plants. 
Compute coal and energy requirements for plant balance. 
Estimate capital and operating costs for commerciai plants. 

0 

0 

0 
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Compute annual revenue requirements based on consistent 
economic assumptions. 
Compute product costs  required t o  s a t i s f y  revenue required. 

Results and Discussion 
Table 2 shows the charac te r i s t ics  of the commercial-scale 

plants f o r  both I l l i n o i s  No. 6 and Wyoming coals. Plants with high 
yields  and/or high hydrogen consumption require large quant i t ies  of 
additional coal f o r  steam and hydrogen production. 

estimated using an 1981 UOP/SDC ( 5 )  commercial design of the Lummus 
Integrated Two-Stage Liquefaction (ITSL) plant as a basis f o r  costs  
of un i t  operations, where possible. 
addressed i n  t h i s  report were obtained from other sources. 
Operating and maintenance costs  were estimated using a standard 
procedure developed by UOP/SnC. 
these plants  were then calculated based on the capi ta l  recovery and 
operating costs  developed from use of consistent economic 
assumptions. 

Since each process configuration produces a syncrude having a 
different  qual i ty ,  i t  was decided t o  account f o r  t h i s  product 
qual i ty  difference. I n  order t o  do t h i s ,  MITRE has calculated the  
hydrogen requirements and volume gain which occur when the 
Cq-850°F raw output of each plant is hydrotreated t o  produce a 
heteroatom-free, 35OAP1, 13-percent hydrogen product. The cost of 
t h i s  hydrotreatment is calculated based on the assumption t h a t  the  
cost of hydrogen production and addition is $l.OO/pound. 

requirements based on the following assumptions. 
tha t  heavy products (i.e.,  850°F+ products) were valued at  
one-half of the value of a bar re l  of C4-85O0F l iqu id  product. 
For the hydrocarbon gases (C1-C3), i t  was assumed t h a t  1 2 ~ 1 0 ~  
Btus were equivalent i n  value t o  one bar re l  of C4-850°F product. 

equivalent product yield,  and required se l l ing  pr ice  of products 
from the conceptual commercial plants  when operated with I l l i n o i s  
No. 6 coal. A l l  values are  shown a s  percentages of the Lummus 
Integrated Two-Stage Liquefaction (ITSL) base case. 
purposes two conceptual plants  based on single-stage processes 
(H-Coal (6) and EDS (7)) are included. 

four sections, t o  i l l u s t r a t e  the re la t ive  contribution of c a p i t a l  
recovery, coal, operating and hydrotreating costa. The c a p i t a l  
recovery costs  f o r  the two-stage plants  vary by about 2 percent, 
indicating a s imilar ly  small var ia t ion i n  the c a p i t a l  costs  of the 
plants. Capital c o s t e b f  the single-stage plants  a r e  5.4- and 
9.5-percent lower than the Integrated Two-Stage Liquefaction (ITSL) 
base case f o r  €I-Coal and EDS, respectively. 

The construction costs of the conceptual commercial plants  were 

Costs of un i t  operations not 

The annual revenue requirements f o r  

Product costs  were then computed to  s a t i s f y  the annual revenue 
It was assumed 

Figure 1 shows comparisons of the annual revenue requirement, 

For comparative 

The bars depicting annual revenue requirements a r e  divided i n t o  

301 



The var ia t ion  i n  hydrotreating costs r e f l e c t s  var ia t ion i n  both 

Hydrotreating costs  of EDS a r e  lower than the other  
the qua l i ty  of the r a w  product and the quantity of the  C4-850°F 
fract ion.  
systems, because of the re la t ive ly  low yield and high API qual i ty  of 
the raw EDS product. The t o t a l  annual revenue requirements vary 
from a l o w  of 89.7 percent of base f o r  EDS, t o  a high of 107.5 
percent of base f o r  CTSL. 

than the annual revenue requirements. 
percent of base, while CTSL i s  highest a t  115.7 percent. 

price of hydrotreated products from the conceptual plants. The 
prices vary from 105.9 percent of base f o r  EDS t o  a low of 92.9 
percent of base f o r  CTSL, a spread of 13 percent. The most advanced 
systems, e.g., modified Lummus, Wilsonville RITSL, and CTSL, of fe r  
the lowest product prices. A l l  these systems ca ta ly t ica l ly  t r e a t  an 
ash-containing extract .  It i s  doubtful tha t  the one-percent 
difference between CTSL and RITSL is s ignif icant .  However, the 
s l igh t  superior i ty  of these systems re la t ive  t o  the modified Lummus 
is believed t o  be s igni f icant  and is traceable t o  the higher 
re ject ion of soluble material which is  inherent i n  the deashing 
system employed a t  Lummus. Lummus has suggested tha t  the addi t ional  
l iquids  i n  the  deashed overflow could be recovered by coking. 

Wyoming coal. 
a re  very s imi la r  t o  those observed i n  the I l l i n o i s  No. 6 plants. 
The t o t a l  revenue requirements vary from 93.8 t o  100 percent of base 
for  the two-stage plants ,  but a r e  much lower a t  89 and 83.3 percent 
of base f o r  the  single-stage H-Coal and EDS plants ,  respectively. 

the plants  processing I l l i n o i s  No. 6 coal. Yields vary from a low 
of 91.6 percent of base f o r  EDS t o  a high of 141.5 percent of base 
f o r  CTSL. 

Lummus ITSL shows the highest s e l l i n g  price at  100 percent of base, 
while CTSL o f f e r s  the lowest pr ice  at 68.9 percent of base. 
single-stage H-Coal and Wilsonville DITSL processes of fe r  s imilar  
prices of 80.3 and 80.7 percent of base, respectively. 

The r e s u l t s  with both I l l i n o i s  No. 6 and Wyoming coals indicate  
that  the addi t iona l  cost  and complexity of two-stage processing is 
jus t i f ied  by the  increases i n  yield and product qual i ty  which can be 
obtained. 

The equivalent barrels  of yield show a much wider var ia t ion 
EDS yield i s  lowest a t  84.6 

The lower portion of Figure 1 compares the required s e l l i n g  

Figure 2 shows economic comparisons f o r  plants operated with 
Capital recovery cost var ia t ions between the plants  

Plant yields  show a much greater  var ia t ion than w a s  observed i n  

The required s e l l i n g  prices a l s o  show a wide variation. The 

The 
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FIGURE 1: COMPARISONS OF ILLINOIS NO. 6 COAL PLANTS 
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FIGURE 2: ECONOMIC COMPARISONS OF WYOMING COAL PLANTS 
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TABLE 1: TWO-STAGE PROCESSES 

Scale Stage I - -  Process 

Lumrnus-Crest 

Liquefaction (ITSL) LblDay Thermal 

Wilsonvllle Two-Stage 
Liquefaction 3 TlDay Thermal' 

Hydrocarbon Research. Inc. 
Catalytic Two-Stage 50-100 
Liquefaction (CTSL) LblDay Catalytic 

Integrated TwWStage 600 

AMOCO ThermallCatalylic 

Liquefaction LblDay Thermal 
Two-Stage 50-100 

Deashlng Stage I1 

AntI.Solven1 Catalytic 

Critical Catalytic 
Solvent Deashing 

No Deashlng Catalytic 
Between Stages 

No Deashing Catalytic 
Between Stages 

*Sometimer Slurry Catalyst Used 
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TABLE 2: CONCEPTUAL COMMERCIAL PLANT SUMMARIES 

Rouu: 

input 
S l a m  h i .  TPD (UF) 
Garif l~r Cod. TPD (MF) 
TOW PIml W, TPD (MF) 

OUlpUl 
SNQ, MMSCFD 
Raw 4 + Uguld, BPSD 

Total Llquld Vkld 
aflw Hydrolnatmenl, BPSD 

- 

- 

ILLINOIS NO. 6 COAL FEED 

WYOMING COAL FEED 

Lummus Wilsonville Wilsonville 
ITSL D IEL  CTSL ITSL ---- Process: 

Input - 
Steam Coal, TPD (MF) 3,000 2,000 2,000 4,000 
Gaslfier Coal, TPD (MF) 0 3.000 4.000 s , m  

Output 
SNG, MMSCFD 33 26 6 3 

Total Plant Coal, TPD (MF) 33,000 36.000 36,OOO 43,OOO 

Raw C4 + Liquld, BPSD 70,000 00.000 97,000 114,000 

Total Liquid Yield 
after Hydrotreatment. BPSD 80,OOO 94,OOO 96,OOO 119,OOO 
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Temperature-Staged C a t a l y t i c  Coal L ique fac t ion  

Frank Derbyshire ,  Alan Davis, Mike Eps te in ,  and P e t e r  S t ansbe r ry  

College of E a r t h  and Mineral  Sciences 
The Pennsylvania S t a t e  Un ive r s i ty  

Un ive r s i ty  Park,  PA 16802, USA 

Abstract  

Coal l i q u e f a c t i o n  has  been inves t iga t ed  under cond i t ions  where r e a c t i o n  is  
conducted i n  success ive  s t a g e s  of i nc reas ing  temperature  and i n  the  presence of a 
d i spe r sed  s u l f i d e d  Mo c a t a l y s t .  This  sequence l e a d s  not  only t o  high conversions 
but  a l s o  g r e a t l y  i n c r e a s e s  the  s e l e c t i v i t y  of t he  products  t o  o i l s  a t  t h e  expense of 
a spha l t enes ,  w i th  o n l y  marginal i nc rease  i n  g a s  make. 
s t rong ly  inf luenced by the  s o l v e n t  composition and the r e a c t i o n  cond i t ions  i n  the  
two s tages .  
bituminous and a subbi tuminous coa l  has  provided support ing evidence t o  show that 
t h e  temperature-staged r e a c t i o n  sequence f avor s  hydrogenative processes .  Moreover, 
t h e  choice of r e a c t i o n  cond i t ions  f o r  optimum performance i s  rank-dependent; f o r  
example, low-rank c o a l s  appear  t o  r equ i r e  a lower f i r s t  s t age  temperature  than 
bituminous c o a l s  i n  o r d e r  t o  minimize the  p o t e n t i a l  f o r  r eg res s ive  r eac t ions .  

The product d i s t r i b u t i o n  i s  

Examination of t h e  l i q u e f a c t i o n  r e s i d u e s  from t h e  l i q u e f a c t i o n  of a 

In t roduc t ion  

I n  some earlier r e p o r t e d  r e sea rch  (1 ,2 )  a bituminous and a subbituminous coal  
were p r e t r e a t e d  by d r y  c a t a l y t i c  hydrogenation, u s ing  a molybdenum c a t a l y s t  a t  35OoC 
f o r  1 h, fol lowing which they  were mixed wi th  naphthalene ( 2 : l  so lven t  t o  coa l  
r a t i o )  and r eac t ed  a t  425OC f o r  10 min. The r e s u l t s  showed t h a t  t he  low-temperature 
pretreatment  improved bo th  t h e  n e t  c o a l  conversion,  based upon s o l u b i l i t y  i n  
t e t r ahydro fu ran ,  and t h e  product d i s t r i b u t i o n .  Notably,  t h e  o i l  t o  a spha l t ene  r a t i o  
was s u b s t a n t i a l l y  inc reased  wi th  only marginal  a d d i t i o n a l  gas  make. 

Based upon these  f i n d i n g s ,  f u r t h e r  r e sea rch  has  been d i r e c t e d  t o  i n v e s t i g a t i n g  
t h e  chemistry and t h e  p o t e n t i a l  of temperature-staged c o a l  l i que fac t ion .  
r e s u l t s  of t h i s  r e s e a r c h  a r e  presented i n  t h i s  paper. S imi l a r  s t u d i e s  a r e  being 
conducted on a l a r g e r  s c a l e  by Hydrocarbon Research Inc.  (3).  

The 

Experimental  

Coal P repa ra t ion  

Samples o f  bituminous and subbituminous c o a l  were provided by t h e  Penn S t a t e  
Coal Sample Bank f o r  u s e  i n  t h i s  research. The c o a l s  were obtained undried and i n  
lump form about  12 mm s i z e  and were crushed i n  a glove box under oxygen-free 
n i t rogen  t o  0.8 mm t o p  s i z e .  The crushed c o a l s  were subdivided by r i f f l i n g  i n t o  a 
number of 10 g r e p r e s e n t a t i v e  samples and sea l ed  i n  v i a l s  under ni t rogen.  
P r o p e r t i e s  of the c o a l s  a r e  shown i n  Table  1. 

The c o a l s  were impregnated with Mo c a t a l y s t  by s l u r r y i n g  wi th  an aqueous 
s o l u t i o n  of ammonium t e t r a th iomolybda te  i n  t h e  concen t r a t ion  necessary t o  a t t a i n  a 
loading of 1% w t  Mo on  a dmmf basis. 
s u f f i c i e n t  f o r  a complete s e r i e s  of experiments.  
w a s  removed by vacuum freeze-drying. 

The q u a n t i t y  of coa l  impregnated was 
A f t e r  s l u r r y i n g ,  t he  excess  water  

L ique fac t ion  

The impregnated c o a l  was mixed i n  a r a t i o  of 1:2 wi th  l i q u e f a c t i o n  solvent .  I n  
most of t he  experiments ,  naphthalene was s e l e c t e d  as t h e  so lven t  because,  a t  l e a s t  

I 

' I  

1 
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at  t h e  onse t  of r eac t ion ,  no H-donor would be p re sen t ,  which would a l low t h e  e f f e c t s  
of added c a t a l y s t  and low-temperature coa l  pretreatment  t o  be more c l e a r l y  
discerned.  Approximately 0.1 g of CS was added t o  t h e  r e a c t i o n  mixture t o  ensure 
t h a t  t he  molybdenum was maintained i n  the  f u l l y  sulphided s t a t e .  2 

React ions were c a r r i e d  out  i n  tubing bomb r e a c t o r s  of about 30 cm3 capac i ty  
which were heated by immersion i n  a f l u i d i z e d  sandbath. 
of t h e  experimental  procedures have been given elsewhere ( 4 ) .  
conducted e i t h e r  a t  4 2 5 O C  f o r  10 min or under t h e s e  same condi t ions a f t e r  f i r s t  
p r e t r e a t i n g  a t  35OoC f o r  60 min. The i n i t i a l  hydrogen pressure ( co ld )  f o r  both 
pretreatment  and t h e  higher  temperature r e a c t i o n  was 7 MPa. 

More d e t a i l e d  d e s c r i p t i o n s  
React ions were 

When t h e  low-temperature pretreatment  was c a r r i e d  o u t ,  t h e  bombs were quenched 
t o  room temperature a t  t h e  end of t he  r e a c t i o n  per iod and the y i e l d s  of l i g h t  gases  
were determined by volumetr ic  measurement and gas  chromatographic ana lys i s .  The 
main purpose of t he  coo l ing  and ven t ing  procedure was t o  ensure t h a t  t h e r e  was a 
high p a r t i a l  p re s su re  of hydrogen i n  t h e  r e a c t o r  a t  the beginning of t h e  h ighe r  
temperature  s t age .  The r a t i o n a l e  f o r  choosing a s h o r t  r e a c t i o n  time f o r  t h e  
high-temperature s t a g e  (10 min a t  4 2 5 O C )  was t h e  same a s  t h a t  used f o r  so lven t  
s e l e c t i o n ;  namely t o  accen tua te  the e f f e c t s  which would be caused by the  
low-temperature react ion.  

Following high-temperature r eac t ion ,  t h e  gas y i e ld  and composition were 
determined and the  s o l i d  and l i q u i d  products  were worked-up t o  ob ta in  the  y i e l d s  of 
i n so lub le  r e s idue  ( t e t r ahydro fu ran ,  THF) a spha l t enes  (hexane-insoluble,  THF-soluble) 
and o i l s  (hexane-soluble).  I n  these  c a l c u l a t i o n s ,  it was assumed t h a t  t h e  
naphthalene reported t o  t h e  hexane-solubles. Despi te  ex tens ive  p recau t ions ,  some of 
t he  l i g h t e r  l i q u e f a c t i o n  products  were l o s t  du r ing  product work-up and e s p e c i a l l y  
du r ing  t h e  removal of solvents .  O i l  y i e l d s  a r e  t h e r e f o r e  ca l cu la t ed  from t h e  mass 
balance assuming t h a t  most of t h e  mass balance d e f i c i t  i s  a t t r i b u t a b l e  t o  the  l o s s  
of l i g h t  ends. 

A f u r t h e r  f a c t o r ,  which i s  not accounted i n  t h e  product d i s t r i b u t i o n ,  is t h e  
y i e l d  of water  produced by r eac t ion .  I t  i s  n o t  a n t i c i p a t e d  t h a t  t h i s  w i l l  
c o n s t i t u t e  more than a few percent  of t h e  l i q u i d  y i e l d s ,  even wi th  the  subbituminous 
coa l ,  a l t hough  f i rm es t ima tes  have not  ye t  been made. Because of t he  method of 
c a l c u l a t i o n  of t h e  o i l  y i e l d ,  any water  which i s  produced i s  considered as o i l .  
Consequently,  t he  a c t u a l  o i l  y i e l d  w i l l  be somewhat lower than reported.  

A few experiments were conducted t o  exp lo re  t h e  e f f e c t s  of extended r e a c t i o n  
t ime a t  4 2 5 O C  and t h e  in f luence  of a more r e a c t i v e  so lven t  than naphthalene.  In  the  
l a t t e r  i n s t ance ,  t h e  so lven t  was a process-derived r ecyc le  so lven t  f r a c t i o n  ( 4 5 4 + O c )  
obtained from t h e  Lummus In t eg ra t ed  Two-Stage L ique fac t ion  (ITSL) process ,  when 
ope ra t ing  on Wyodak subbituminous coal .  

I n  determining t h e  product d i s t r i b u t i o n ,  q u a n t i t i e s  of o i l  and a spha l t ene ,  
equ iva len t  to those present  i n  t h e  o r i g i n a l  s o l v e n t ,  were sub t r ac t ed  from t h e  
product y i e l d s  i n  o rde r  t o  o b t a i n  the  n e t  y i e l d s  a t t r i b u t a b l e  t o  coal .  

Residue Microscopy 

The d r i ed  l i q u e f a c t i o n  r e s idues  (THF i n s o l u b l e s )  were embedded i n  epoxy r e s i n  
and pol ished wi th  a s e r i e s  of a lumina , s lu r r i e s .  Examination w a s  undertaken with a 
p o l a r i z i n g  r e f  l ec t ed - l igh t  microsope under o i l  immersion a t  a magn i f i ca t ion  of 625; 
a r o t a t a b l e  compensation p l a t e  w a s  used a s  an a i d  i n  d i s t i n g u i s h i n g  between 
i s o t r o p i c  and a n i s o t r o p i c  ma te r i a l s .  some obse rva t ions  were made i n  b lue - l igh t  
i r r a d i a t i o n ,  i n  o rde r  t o  observe t h e  proport ions of l i p t i n i t e  macerals  p re sen t .  
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R e s u l t s  and Discuss ion  

Reactions i n  Naphthalene 

The conversions and product d i s t r i b u t i o n s  obta ined  by the  l i q u e f a c t i o n  of t h e  
subbituminous and bituminous c o a l s  under var ious  combinations of pre t rea tment  and 
l iquefacti-on r e a c t i o n s  a r e  summarised i n  Tables  2 and 3. S imi la r  t r e n d s  a r e  
apparent f o r  both of t h e  coa ls .  Reaction i n  the  presence of the c a t a l y s t  produced 
h igher  n e t  convers ions  than  t h e  ' thermal '  experiments,  a s  would be expected. 
However, the  combination of  low-temperature c a t a l y t i c  pre t rea tment  followed by the  
h igher  temperature c a t a l y t i c  r e a c t i o n  had t h e  g r e a t e s t  in f luence  i n  improving t h e  
product s e l e c t i v i t y  concomitant wi th  a t t a i n i n g  t h e  h i g h e s t  conversion. 
p a r t i c u l a r ,  t h e  h i g h e s t  o i l  y i e l d s  were obtained without any a t t e n d a n t  i n c r e a s e  i n  
t h e  production of l i g h t  hydrocarbon gases. 

I n  

An examination of t h e  l i q u e f a c t i o n  products by g a s  chromatography showed t h a t  

While t h i s  f i n d i n g  does not  exclude t h e  p o s s i b i l i t y  t h a t  t h e  
t h e r e  was no s i g n i f i c a n t  convers ion  of naphthalene t o  t e t r a l i n  ( l e s s  than 1%) i n  any 
of these  experiments.  
c a t a l y s t  may promote l i q u e f a c t i o n  through t h e  success ive  genera t ion  and 
dehydrogenation of donor s o l v e n t ,  i t  does suggest t h a t  o t h e r  r e a c t i o n  pathways a r e  
o p e r a t i v e  and may be more important.  

The a d d i t i o n  of c a t a l y s t ,  without pre t rea tment ,  s i g n i f i c a n t l y  increased  t h e  
conversion of bo th  c o a l s  over t h a t  obtained i n  the  thermal experiments. A t  the same 
time, these  c o n d i t i o n s  produced t h e  lowest o i l  y i e l d s  and the  lowest r a t i o s  of o i l s  
t o  asphaltenes.  The-pre t rea tment  e v i d e n t l y  a l lows  t h e  c a t a l y s t  t o  perform c e r t a i n  
f u n c t i o n s  which u l t i m a t e l y  lead  t o  higher o i l  y i e l d s  and t h e s e  f u n c t i o n s  appear t o  
be not a s  r e a d i l y  gerformed d u r i n g  a s h o r t  c a t a l y t i c  r e a c t i o n  a t  t h e  h igher  
temperature of 425 C. 

Microscopic Examination of Liquefac t ion  Residues 

There were n o t a b l e  d i f f e r e n c e s  i n  t h e  appearance of t h e  r e s i d u e s  from the  
bituminous and subbituminous coa ls .  The bituminous c o a l s  hydrogenated i n  the 
absence of c a t a l y s t  showed c l e a r  evidence of the  development of p l a s t i c i t y .  i .e.,  
rounded p a r t i c l e  o u t l i n e s  and t h e  formation of spheres  of v i t r o p l a s t .  
a low-reflecting, i s o t r o p i c ,  p i tch- l ike  m a t e r i a l .  u s u a l l y  der ived  from v i t r i n i t e .  
t h a t  occurs a s  spheres  and agglomerates (5). The v i t r o p l a s t  observed i n  this s tudy  
i s  t h e  type which Shibaoka ( 6 )  h a s  r e f e r r e d  t o  a s  a primary v i t r o p l a s t ,  being 
der ived  d i r e c t l y  by s o f t e n i n g  of v i t r i n i t e .  

V i t r o p l a s t  i s  

I n  c o n t r a s t ,  t h e  r e s i d u e s  der ived  from t h e  c a t a l y t i c a l l y  hydrogenated 
bituminous c o a l s  had a p p a r e n t l y  undergone more e x t e n s i v e  reac t ion .  
evidence of simple m e l t i n g ,  and t h e  v i t r i n i t e - d e r i v e d  m a t e r i a l  was cons iderably  
reduced i n  volumetr ic  propor t ion  r e l a t i v e  t o  t h a t  of o t h e r  macerals. The 
r e f l e c t a n c e  of t h i s  v i t r i n i t e - d e r i v e d  m a t e r i a l  was lower than e i t h e r  t h a t  of t h e  
v i t r i n i t e  i n  t h e  f e e d  c o a l  or t h a t  of t h e  v i t r o p l a s t  i n  t h e  r e s i d u e s  of uncatalyzed 
runs. These o b s e r v e t i o n s  a r e  c o n s i s t e n t  wi th  t h e  a c t i o n  of the  c a t a l y s t  being 
ins t rumenta l  i n  t h e  hydrogenation and breakdown of t h e  v i t r i n i t e  s t r u c t u r e .  An 
unexpected f e a t u r e  of t h e  r e s i d u e s  was the  l a r g e  propor t ion  of remaining, a l though 
not  n e c e s s a r i l y  unchanged, l i p t i n i t e  ( s p o r i n i t e  and c u t i n i t e )  present  i n  samples 
from the  ca ta lysed  experiments w i t h  bituminous coa l .  

There was no 

None of t h e  r e s i d u e s  from t h e  subbituminous c o a l  contained v i t r o p l a s t  or showed 
o t h e r  evidence of p l a s t i c i t y  dur ing  treatment.  
v i t r i n i t e  (humini te )  c o n s i s t e d  of t a t t e r e d  s k e l e t o n s  of t h e  s t r u c t u r e s  present  i n  
t h e  o r i g i n a l  coa l .  However, t h e  v i t r i n i t e  r e f l e c t a n c e  was s i g n i f i c a n t l y  h igher  i n  
t h e  r e s i d u e s  than  i n  t h e  parent  coa l ;  t h a t  of the res idue  from t h e  c a t a l y s e d  and 
p r e t r e a t e d  c o a l  was judged t o  be somewhat lower t h a n  t h a t  of o t h e r  res idues .  This 

Rather ,  t h e  r e s i d u e s  of t h e  
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run a l s o  r e s u l t e d  i n  more p a r t i c l e  d i s i n t e g r a t i o n  than  was  observed i n  t h e  o the r  
res idues.  

The microscopic s t u d i e s  of t h e  l i q u e f a c t i o n  r e s idues  r e f l e c t  t h e  t r e n d s  shown 
by the  y i e l d  da t a  i n  confirming t h a t  t he  s taged c a t a l y t i c  l i q u e f a c t i o n  produced t h e  
Conditions most conducive t o  coa l  hydrogenation and l i que fac t ion .  

From t h e  r e s idue  a n a l y s i s  f o r  the subbituminous c o a l ,  it appears  t h a t  t h e  
temperature s e l e c t e d  f o r  t h e  low-temperature s t age  was too high a s  shown by the  
inc rease  i n  r e f l e c t a n c e  of t he  v i t r i n i t e - d e r i v e d  m a t e r i a l s  i n  the  r e s i d u e s  r e l a t i v e  
t o  the  v i t r i n i t e  (humini te)  i n  t h e  untreated coal .  I n  c o n t r a s t ,  t h e  r e s idues  from 
catalysed bituminous c o a l  hydrogenation d i s p l a y  t h e  predominance of hydrogenat ion 
r eac t ions  as evidenced by t h e  lower v i t r i n i t e  r e f l e c t a n c e  compared t o  t h e  parent  
coal. Without c a t a l y s t ,  t h e  very obvious development of p l a s t i c i t y  i n d i c a t e s  t h e  
dominating e f f e c t  of thermal treatment.  

E f fec t  of Other React ion Condit ions 

The d a t a  presented above have i l l u s t r a t e d  the p o t e n t i a l  advantages t o  be 
der ived by l i que fy ing  c o a l s  i n  s t ages  of i nc reas ing  temperature and i n  t h e  presence 
of a c a t a l y s t .  V e r i f i c a t i o n  of t hese  phenomena has  been demonstrated more 
comprehensively and on a l a r g e r  s c a l e  by Hydrocarbon Research Inc.  (3). 

I n  t h e  l abora to ry  s c a l e  s t u d i e s ,  no sys t ema t i c  a t tempt  has  y e t  been made t o  
i n v e s t i g a t e  how independent v a r i a b l e s  such a s  the  r e a c t i o n  condi t ions i n  the f i r s t  
and second s t ages ,  t he  so lven t  composition and t h e  c a t a l y s t  type and concen t r a t ion  
a f f e c t  the performance a t t a i n a b l e  i n  such a r e a c t i o n  sequence. Some prel iminary 
da t a  s r e  presented i n  F igu re  1 which show t h e  comparative a f f e c t s  on t h e  product 
d i s t r i b u t i o n  f o r  t h e  subbituminous coa l  (PSOC-1401) due t o  ( i )  i n c r e a s i n g  the  high 
temperature res idence t ime from 10 t o  45 min while employing naphthalene a s  so lven t  
and ( i i )  u s ing  t h e  more r e a c t i v e  process  so lven t  and the  45 min high-temperature 
res idence time. 

With naphthalene,  i nc reas ing  the  r eac t ion  time a t  high-temperature is e v i d e n t l y  
advantageous i n  promoting f u r t h e r  i n t e rconve r s ion  of o i l s  t o  a spha l t enes  ( t h e  o i l  t o  
asphal tene r a t i o  increased from 0.8 t o  2 : l )  w i th  some simultaneous i n c r e a s e  i n  gas  
make; t h e  CO y i e l d  inc reased  from 7.9 t o  9.8% and the y i e l d  of C -C hydrocarbons 
increased f r h  0.8 t o  3.0%. 
so lven t ,  t h e r e  was no s i g n i f i c a n t  conversion of naphthalene t o  t e t r a l i n .  

A s  i n  t he  o t h e r  experiments using nabhthalene as 

A much more dramatic  change i n  product s e l e c t i v i t y  was achieved by using t h e  
process  so lven t  when t h e  o i l  t o  a spha l t ene  r a t i o  inc reased  t o  approximately 14 : l .  
To o f f s e t  t h i s  ga in  t h e r e  w a s  a more s i g n i f i c a n t  i nc rease  i n  g a s  make; t h e  CO and 
C -c y i e l d s  being 12.2 and 4.7%. r e spec t ive ly .  
t he  so lven t  i s  an  important  parameter even i n  t h e  presence of an  a c t i v e  c a t a l y s t .  
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TWO-STAGE COAL LIQUEFACTION 
WITHOUT GAS-PHASE HYDROGEN 

H. P. Stephens 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

INTRODUCTION 

Current two-stage direct coal liquefaction processes require the use 
of high-pressure purified hydrogen to hydrogenate either the solvent 
or a coal/solvent slurry. This paper describes techniques to 
eliminate direct use of hydrogen gas in the solvent production 
and primary coal liquefaction stages. The approach employs the 
water-gas shift (WGS) reaction to generate liquefaction hydrogen- 
donor solvents at low temperatures and pressures in a catalytic 
solvent production stage, followed by reaction of the solvent with 
coal, in the absence of hydrogen, in a thermal primary liquefaction 
stage. 

Previous researchers (1,2) have used mixtures of carbon monoxide and 
steam to converg coal .in single-stage processes operated at high 
temperatures (380 to 475  C) and pressures (to 5 0 0 0  psi). Although 
pilot tests with high-reactivity, low-rank coals achieved moderate 
conversions to benzene-soluble products, yields of distillate oils 
were low (3). 

In an initial portion of this study it was proposed ( 4 )  that a 
significant improvement in coal liquefaction using CO/H 0 mixtures 
may be realized by separating, or staging, the &GS-solvent 
production and coal liquefaction reactions, allowing each to be 
performed at an optimum temperature. Results of thermodynamic 
calculations and greliminary experiments proved that use of low 
temperatures (<300 C) favors solvent hydrogenation via the WGS 
reaction, thus allowing the use of low pressure (500 psi). In 
contrast, high temperature kinetically favors the reactions involved 
in coal liquefaction--coal molecule bond rupture and transfer of 
hydrogen from donor solvent compounds to coal moieties. This paper 
describes the results of flow reactor experiments to produce a 
liquefaction solvent at space velocities comparable to actual 
processes, and use of this solvent to liquefy coal. Both of these 
steps have been accomplished without the use of hydrogen feed gas, 
and high conversions of a bituminous coal have been achieved. 

the 

EXPERIMENTAL 

Two series of experiments, described briefly here and in more detail 
in the following sections, were performed. The first consisted of 
production of a coal liquefaction solvent, rich in hydroaromatics, 
via the WGS reaction in a catalytic flow reactor at low temperature 
and pressure. In the second set of experiments coal was thermally 
liquefied in batch microreactors without gas-phase hydrogen using 
the solvent produced in the flow reactor. 
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Materials 
Feeds to the WGS-solvent production reactor consisted of carbon 
monoxide, deionized water and a nearly saturated mesitylene solution 
of polynuclear aromatic hydrocarbons (weight basis PAHIS: 11.6% 
phenanthrene, 12.0% pyrene and 16.7% fluoranthene). Mesitylene was 
chosen as the solvent for the gAH's because of its relatively low 
vapor pressure (75 psi at 240 C), its ability to dissolve large 
amounts of PAHIS at room temperature, and its stability under high 
temperature coal liquefaction conditions. Extrudates ( 0 . 8  mm 
diameter by 4 m length) of Shell 324M, a 2.8 wt. % Ni, 12.4 wt. % 
Mo on alumina catalyst, were used in the WGS-solvent production 
reactor. Prior to use, the catalyst was presukfided, in-situ for 
six hours, with 10 mole % H2S in H2 at 385 C and atmospheric 
pressure. 

Liquefaction reactions were performed with a bituminous coal, 
Illinois #6 (Burning Star Mine--proximate analysis: 3.78 moisture, 
9.4% ash, 34.5% volatile and 52.4% fixed carbon: dry basis ultimate 
analysis: 72.5% C, 4.7% H, 1.0% N, 0.1% C1, 2.9% S, 9.8% ash, and 
9.0% 0 by difference; mineral matter content: 13.7%). 

Apparatus and Procedure 
WGS-solvent production was performed in a concurrent flow trickle- 
bed reactor consisting of six 1.0 cm ID by 15 cm long catalyst- 
filled stainless steel tubes connected in series. Each tube was 
filled with 10.5 g of catalyst. The reactor was contained in a 
forced-air convection oven thermostatted to 51. Oo C. Reactor 
pressure was controlled with a precision back-pressure regulator and 
gas and liquid products were sampled subsequent to pressure letdown. 
After pressuriging to 508 psig with CO, the reactor temperature was 
ramped to 240 C at 10 C/min and water flow was initiated. Upon 
detection of conversion of CO/H 0 to CO /H , PAH solution flow was 
started. Carbon monoxide, water ind the hH2solution were delivered 
to the reactor at weight hourly space velocities of 0.124, 0.079, 
and 0.48 g-feed/hr/g-catalyst, respectively. For the WGS reaction, 
the amount of water delivered was one percent in excess of that 
required by stoichiometry to ensure that conversion was limited only 
by thermodynamic equilibrium. It was estimated from the reactor 
void volume and fluid flow rates that the residence time of the gas 
was two minutes and that of the liquid phase was approximately sixty 
minutes. 

Prior to use for the liquefaction reactions, the solvent produced by 
the flow reactor was concentrated by nearly a factor of two by 
evaporation of mesitylene under vacuum. This higher concentration, 
which allowed the use of lower solvent to coal ratios for the 
liquefaction reactions, could be achieved because of the increased 
solubility of the hydroaromatics formed in the flow reactor. 

coal liquefaction reactions were gerformed in batch micrqautoclaves 
with slurry capacities of 8 cm and gas volumes 35 cm (5). Four 
reactors could be operated simultaneously. After the reactors were 
charged with coal and solvent, they were gressurized to 450 psig 
with nitrogen. They were then heated to 445 C for 36 min (time at 
temperature) in a fluidized sand bath while being agitated with a 
wrist-action shaker at 200 cycles/min. Following the heating 
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period, the reaction vessels were quenched in water, the final 
temperatures and pressures were recorded, a gas sample was taken, 
and the product slurry was quantitatively removed for analysis. A l l  
experimental variables for both the flow and batch reactors were 
monitored and recorded with a computer-controlled data acquisition 
system. 

Four coal liquefaction reactions were performed. To test the impact 
of amount of donatable solvent hydrogen on coal conversion, three 
reactions were performed with WGS-produced solvent to coal ratios of 
2:1 ,  3:1, and 4:l. A control experiment, without donatable 
hydrogen, was performed with a portion of the flow reactor PAH feed 
solution, which contained no hydroaromatics. The control experiment 
had a l*solventl* to coal ratio of 3:l. 

Product Analvses 
On-line analyses for the partial pressures of CO and CO in the gas 
stream from the flow reactor were performed with a Hewfett-Packard 
5710A gas chromatograph. Prior to analysis, residual water vapor 
was eliminated from the gas sample with a cold trap. The partial 
pressure of hydrogen was obtained by the difference between the sum 
of the CO and CO pressures and the sample pressure. Gas samples 
from the liquefac8ion reactions were analyzed for N , H , CO, CO , 
and C -C hydrocarbons with a Carle series 500 gal chlomatogra6h 
with a'hy8rogen transfer system. 

The amounts of PAHIS and hydroaromatics in the flow reactor feed and 
liquid product samples were determined with a Hewlett-Packard 5890 
capillary column-equipped gas liquid chromatograph. Coupled gas 
chromatography/mass spectrometry techniques were used to identify 
the order of elution of the PAHIS and hydrogenated PAH's. 

Conversion of coal to products was quantified by tetrahydrofuran 
(THF) and n-heptane ( C  ) solubility. Dry, mineral matter free 
(dmmf) basis conversions Zere calculated from the difference between 
the weight of organic coal and the insoluble organic matter 
resulting from THF or C extraction of the product. In addition, 
the C soluble materials , 'which contained the post-reaction solvent 
componhs, were examined by capillary column chromatography to 
determine the extent of dehydrogenation of solvent hydroaromatics. 

RESULTS AND DISCUSSION 

WGS Solvent Hvdroaenation 
The performance of the WGS-solvent production reactor can be 
evaluated in terms of conversion of CO/H20 to C02/H2, and the extent 
of hydrogenation of the PAHIS. 

From the gaseous product analyses, the conversion of CO/H 0 to 
CO /H was observed to be 97%. This is significantly greater'than 
thg vhue of 92% calculated from the initial partial pressutjes of CO 
and steam and the pressure equilibrium constant ( 6 )  for 2 4 0  C. The 
observed larger conversion results from removal of hydrogen due to 
hydrogenation of the PAHIS, which causes an additional shift to 
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products. Thus, coupling the WGS and solvent hydrogenation 
reactions promotes efficiency for the WGS reaction. 

The extent of hydrogenation of the PAH's can be seen in Figure 1, 
which shows a comparison of the chromatogram of the feed solution to 
that of the product. Analysis of the product solution showed that 
31% of the phenanthrene, 49% of the pyrene and 92% of the 
fluoranthene were converted to hydroaromatics. From the amount and, 
distribution of the hydroaromatics and the extent of the WGS 
reaction, was calculated that 30% of the hydrogen generated was 
used to produce hydroaromatics. The liquid product was found to 
contain 0 .52  wt. 8 donatable hydroaromatic hydrogen. The solvent 
for the coal liquefaction reactions, concentrated by removal of 
mesitylene from the flow reactor product, contained 0 . 8 7  wt. % 
donatable hydrogen, a high value by current process standards. 

It is notable that almost complete conversion of fluoranthene to 
hydrofluoranthenes (primarily tetrahydrofluoranthene, which 
accounted for half of the donatable hydrogen) was achieved, while 
only half of the pyrene and a third of the phenanthrene were 
hydrogenated. For pyrene (Py), the limitation for conversion to 
dihydropyrene (H Py) is a thermodynamic one. The equilibrium ratio 
of [H Py]/[Py] lay be calculated from the reactor outlet hydrogen 
partia.f pressure (155 psia) and the pressure equilibrium constant 
( 7 )  at 240 c, 0.0042/psia. The calculated value of 0.65 is in 
agreement with the observed value of 0.66, indicating that the 
concentration of dihydropyrene was limited by thermodynamics, rather 
than kinetics. The production of hydrophenanthrenes may also be 
thermodynamically limited, though no thermodynamic data are 
available for comparison. Although the WGS-solvent production 
reactor yielded high concentrations of hydroaromatics, previously 
reported work ( 7 )  indicates that even better performance can be 
achieved with a more active catalyst at lower temperatures, where 
formation of hydroaromatics is favored. 

it 

Coal Liauefaction 
The effectiveness of the coal liquefaction reactions performed 
without gas phase hydrogen can be judged by the conversion of the 

. coal to THF and C soluble products, and to C -C hydrocarbons: by 
the amount of hyarogen transferred from h4dr8aromatic hydrogen 
donors to the coal; and by the percentage of hydrogen lost from the 
solvent to the gas phase. 

Table 1 presents a summary of the results of the liquefaction 
experiments. As can be seen, the conversion of coal was dependent 
on solvent hydrogen availability. For the control experiment (No. 
l), containing no donatable hydrogen, the THF and C conversions 
were very low: 30% and 17%, respectively. Howevzr, all the 
experiments with WGS-produced solvent, containing hydroaromatics, 
yielded much higher conversions, which increased with increasing 
solvent to coal ratio. The 4:l solvent to coal experiment (No. 4), 
resulted in the highest THF and C conversions, 98% and 482, 
respectively. The C -C hydr~carbon~gas make for the experiments 
with the WGS-produced QolSent ( N o s .  2-4)  were low, nominally 3%. 
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The f a t e  of t h e  donatable hydroaromatic hydrogen i n  t h e  so lvent  was 
determined from t h e  amounts i n  t h e  so lvent  before r eac t ion  with coal 
H , t h a t  remaining i n  t h e  so lvent  a f t e r  r eac t ion  with coa l  H , and 
t h a t  The percentage donated eo the 
coa l  H, can be ca l cu la t ed  by d i f fe rsnce :  

t r ans fe red  t o  t h e  gas  phase H . 

From t h e  va lues  f o r  H i n  Table 2 it can be seen t h a t  the 
u t i l i z a t i o n  of hydrogen gas e f f i c i e n t ,  a s  only 10% of t h e  donatable 
hydrogen was l o s t  t o  t h e  gas phase, t h e  balance being donated t o  the 
coa l  o r  remaining with t h e  solvent.  It  is a l s o  noted from the 
values of H t h a t  nea r ly  a l l  o'f t h e  donatable hydrogen was depleted 
from t h e  s8 lvent .  I n  f a c t ,  experiment No. 2 with a 2:l so lvent  t o  
coa l  r a t i o  was c f e a r l y  hydrogen s ta rved ,  r e s u l t i n g  i n  t h e  lowest THF 
and C conversions f o r  t h e  experiments with WGS-produced solvent.  
In  c o h r a s t ,  experiment No. 4 ,  with a so lvent  t o  coa l  r a t i o  of 4:l 
had s u f f i c i e n t  donatable hydrogen t o  achieve h igh  conversions, as 
evidenced by t h e  20% donatable hydrogen remaining a f t e r  completion 
of t h e  reac t ion .  

PROCESS IMPLICATIONS 

The r e s u l t s  of t h e  experiments presented i n  t h i s  paper c l ea r ly  
demonstrate t h a t  coa l  can be  e f f e c t i v e l y  l i q u i f i e d  without t h e  use 
of high-pressure pu r i f i ed  hydrogen feed gas.  T h i s  suggests t ha t  
s u b s t a n t i a l  economic improvements i n  d i r e c t  coa l  l i que fac t ion  can be 
achieved. Figure 2 shows a schematic flow diagram f o r  a two-stage 
l i que fac t ion  process  proposed on t h e  b a s i s  of t h e s e  r e su l t s .  
Notable d i f f e rences  between t h i s  and cu r ren t  two-stage processes 
a re :  1) e l imina t ion  of high-pressure pu r i f i ed  hydrogen f o r  solvent 
production; 2 )  use  of low temperature in  t h e  so lvent  production 
reac tor ;  3) e l imina t ion  of gas-phase hydrogen and high pressures  in  
t h e  thermal l i que fac t ion  r eac to r ;  and 4 )  selective recyc le  of 
so lvent  components (pr imar i ly  PAHIS). Use of t h i s  process would 
e l imina te  t h e  requirements f o r  a separa te  WGS r e a c t o r  and gas 
separa t ion  u n i t s  f o r  hydrogen production, and h igh  pressure 
equipment f o r  so lvent  production and l i que fac t ion  r eac to r s .  Because 
these  u n i t s  account f o r  approximately.ha1f of t h e  estimated $1.5 
b i l l i o n  c a p i t a l  investment of a 50,000 barrel/day p l a n t ,  t h i s  
process would r e s u l t  i n  s u b s t a n t i a l  savings i n  c a p i t a l  costs.  
Operating c o s t s  such a s  those  f o r  compression of gases would a l s o  b e  
s i g n i f i c a n t l y  lower. 
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Figure 1. 
liquid chromatograms of the flow reactor feed 
and product solutions. 

Comporison of high resolution gas 

Flow Reactor Feed 

Phenanthrene (Ph) Fluoranthene (FI) Pyrene (Py) 

Flow Reactor Product 

Ph H , FI 
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Figure 2. 
liquefaction process via WGS-solvent production. 

Schematic flow diagram for a two-stage 

Products 

TABLE 1 

Results of Coal Liquefaction Experiments a 

Conversions 
Exp. Solvent: (% dmmf basis) 
No. Coal THF C, C , -  C,  

l b  3:l 30 17 1.6 
- - - - -  

2c 2:l 91 21 2.9 

3' 3:l 97 42 3.1 

4' 4:l 98 48 3.1 

Solvent Hydrogen Balance 
( X  donatable hydrogen) 

To Coal To Gas Remaining -- 

90 9 1 

04 1 1  5 

69 1 1  20 

a) 

b) 

C) Performed with WGS-produced solvent. 

Reaction conditions for  all experiments: 445 C, 3 6  min, 
450 psig cold chorge nitrogen. No gas-phase hydrogen used. 

Performed with flow reactor feed solution. PAH's only; 
no donatable solvent hydrogen. 



ENHANCED COAL LIQUEFACTION WITH STEAM PRETREATMENT 

P.R. Bienkowski, R. Narayan, R.A. Greenkorn and K.C. Chm' 

School of Chemical Engineering 
Purdue University 

West Lafayette, Indiana 47907 

SUMMARY 

A two step process for the liquefaction of coal, in a semi-Eow micro reactor, was investigated. The 
process consisted of pretreating coal with low temperature steam, followed by treatment with supercriti- 
cal steam. The maximum observed conversion of a Wyodak subbituminous coal, using this two step pro- 
cess, was 40 wt% on a moisture and ash free basis (MAF). The 240 ' c pretreatment step resulted io a 
32% increase over the conversion observed with just a 400 c treatment. The coal liquid obtained has 
a number average molecular weight of 325 and a mass average molecular weight of 373, with a narrow 
molecular weight distribution. The hydrogen and oxygen content of the extract is increased, a significant 
amount of the oxygen is present as dihydroxyl aromatics. A highly condensed residue of lower hydrogen 
and oxygen content is obtained which can be of value as a solid fuel. 

INTRODUCTION 

Recent investigations have led to the  observation (1) that  in its native unweathered state coal is a 
reactive material, far from being the inert solid that it is commonly regarded. Extensive hydrogen bonds 
connect the poly nuclear aromatic cluster to form a semi-permanent macro molecular structure. The 
structure is particularly fragile in subbituminous coals, and may l e  subject to rupture with mild t r e a t  
ment to dissociate the hydrogen bonds. GraU and Brandes (2) found that carbon conversion to liquids in 
pyroiysls a t  940 c was raised from 23% to over 50% if the coal was exposed to steam for times less 
than 30 minutes at temperatures between about 320 and 360 O c. Both pretreatment and pyrolysis were 
conducted in 50 atm of steam. This result suggests that coal is partially depolymerized by the steam 
pretreatment, perhaps by the removal of oxygen linkages. If this is indeed the case, improved yields 
and/or lighter liquids should result if the pretreated coal is liquefied instead of pyrolyzed. 
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EXPERIMENTAL 

Wyodak coal was pretreated and treated with steam in a semi-Row micro reactor at  controlled condi- 
tions to exclude oxygen. The  apparatus is depicted in Figure 1. The main components are a Milton Roy 
metering pump (29 to 290cm3/hr) which provides a continuous and constant Row of distilled deoxy- 
genated water to the reator, a Tecam fluidized sand bath (model SBS-4) controlled with a Leeds and 
Northrup controller (Electromax Ill), a Helicoid pressure gauge (0 to 3000 PSIG), an autoclave micro 
metering valve and a Picro reactor equipped with a sheathed thermocouple (see Figure 2). 

The feed material was an unweathered subbituminous Wyodak coal provided by EPRI in a water 
slurry kept in a sealed air-tight barrel (#4171). Table 1 shows the elemental analysis of samples taken 
from this barrel. Samples A and B were taken from the top and middle of the barrel and were suction 
dried for use. These were the main feed material. About a 50 gm sampled of this material was removed 
from the barrel and vacuum dried; a sample of this material is repoted as sample C. A tew reactions 
were carried out  with this material. 

The suction dried coal was prepared in a Buchner filter, by applying suction to it tor about one hour. 
The top portion of the material was removed from the filter and thoroughly mixed to  insure a homogene- 

ous sample for reaction. The  moisture content of this material (z 30 wt %) was determined by weighing 
a sample before and after further drying in a vacuum oven at  45 O c for 6 hours. Duplicate samples 
were used for moisture determinations. 

Suction dried Wyodak coal is paste-like, and is messy to bandle. A free-Rowing coal powder was 
obtained for reaction experiments by drying the coal in vacuum under mild heating. The vacuum dried 
coal wan prepared by suction drying in a Buchner funnel over nitrogen; the material was then transferred 
in a jar 611ed with nitrogen, to a vacuum oven and dried for 72 hours a t  45 O c. The experimental reac- 
tion procedure for vacuum dried coal was similar to suction dried coal except that the separate moisture 
determination of the dried coal was no longer necessary. 

To prepare for reaction the oven dried micro reactor (see Figure 2) was weighed and then filled with 
about 4 gm ot wet suction dried coal or 3 gm of vacuum dried coal and reweighed for an accurate deter- 
mination of the quantity of material charged to the reactor. The charged reactor was fitted into the 

apparatns upon connecting tubings and fittings. The system was purged of air by Rushing with nitrogen. 
Enough water was pumped from the buret into the reactor to  raise the pressure to SO p i a ,  about 10 to 
nCm3 being required. The  reactor was lowered into the sand bath, the pressure adjusted to 750 psia 
with the aid of the micro metering valve, as water was pumped into the system at 0.4cm3/min. The 
steam generated in the heating coil passed through the reactor, was condensed, and collected in an Erlen- 
meyer Bask. 

At the termination of an experiment the reactor WBB removed trom the aand bath, and placed in a 
vacuum oven over night at 45 O c to remove any water. The reactor was then wekhed, the contents 
were removed and placed in a predried and weighed thimble. The reactor was then reweighed, the 
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change in weight being compared to  the weight gain of the thimble. 

The coal in the thimble was extracted with toluene for 4 to 6 hours in a Soxhlet apparatus. The 
thimble was dried over night in a vacuum oven and reweighed to detemined the amount of coal 
extracted. On selected runs the effluent collected in the Erlenmeyer Bask was extracted with chloroform 
and sent to analysis. 

The only time the coal sample was exposed to oxygen of the air was during suction drying a t  ambient 
temperature. Oxyged was carefully excluded from the reaction system. Feed water to the reactor was 
deoxygenated by blowing it with nitrogen. >From the time of steam pretreatment the reactor remained 
tightly closed and completely isolated from air until the reactor was cooled down after steam treatment. 
The only coal that was heated before reaction was that which was vacuum dried at  45 c. The suction 
dried coal was never heated. 

EXPERIMENTAL RESULTS 

Table 2 shows the conversion of Wyodak coal upon pretreatment and treatment with steam a t  750 
pia.  Treatment and pretreatment (if used) steps each lasted 30 minutes. Conversion expresses the frac- 
tion of coal that  was extracted by the steam from the reactor plus the fraction that was extracted by 
toluene from the Soxhlet apparatus. The toluene extraction was small, ranging from 0% to less than 3% 

of the total reported conversion. Toluene extraction was incorporated in our experimental procedure in 
order to put our experimental results on the same basis with those of other investigators (3,4,5,6) who 

wash their coal residue with toluene. 

With suction dried coal, when not pretreated, treatment with steam a t  200 c gives a practically 
zero (2.2%) conversion. Raising the treatment temperature to 400 * c raisea the conversion to 30.5%. 

Pretreatment with steam a t  200 c further raises the conversion to 38.5%. Raising the pretreatment 
temperature to 240 ' c raises the conversion to 40.3%. This is the highest conversion observed in this 
work, for, upon raking the pretreatment temperature to 320 e c conersion is lowered to 33.8%. Raising 
the treatment temperature to 430 c further lowers the Conversion to 34.2%. 

The conversion of vacuum dried coal is reported in the second part of Table 2, and is generally lower 
than the corresponding results for suction dried coal. Even the mild heating a t  45 O c during vacuum 
drying made the coal more refractory. Comparison of the results obtained with the two diRerent coal 
samples convinced us to stop using vacuum dried coal. All other experiments reported here used suction 

dried coal. 

The conversions reported in Table 2 were obtained with 750 psia steam for both the pretreatment snd 
tnatment. The eUect of steam pressure at the treatment stage was investigated, the results are reported 
in Table 3. Holding the pretreatment pressure constant at  750 psi, an increase in treatment preasure 
from 750 t O  2 6 0  psia, produced a slight reduction in the observed conversion. Higher pressure 
apparently i n c r e m  the rate of retrograde reactions. This eRect more than compensates for any increase 
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in solvent power of the steam at a higher pressure, leading to reduced extraction. 

Twenty five experiments were performed in all. The conversions in Tables 3 and 3 represent average 

values for experiments a t  the same conditions. 

CHEMISTRY 

Extract and residue samples from two experiments, Runs 5 and 27, were analyzed by infrared spec- 
troscopy, NMR and'FIMS. Run 5 consisted of a 320 ' c pretreatment followed by a 430 * C treat- 
ment, while Run 27 was at 200 ' c and 400 ' c. 

Table 4 shows the elemental analyses of the extract and the residue of Run 27. The analysis of the 
feed coal is also shown for comparhon. The extract has a higher H/C ratio (1.28) a8 compared to the 
feed coal (0.95), whereas the residue has a lower ratio (0.68). The O/C ratio follows a similar pattern, 
being higher in the extract (0.32) than in the feed (0.28), and lower in the residue (0.13). 

The steam pretreatment/extraction process produces a hydrogen-rich extract which contains oxy- 
genated compounds and heteroatomic species of the original coal, leaving behind a more condensed 
aromatic residue. 

The same trend is indicated lor nitrogen and sulfur, being enriched in the extract and reduced in the 
residue. But here because of the small.amounts, especially of nitrogen, accuracy in low. 

The infrared spectrum of the steam extract or Run 27 is shown in Figure 3. The IR spectrum is dom- 
inated by broad, strong -OH stretching vibrations in the 3400-3100 cm-' region. The presence of sharp 
aliphatic -OH hands just below 3000 cm-' suggests that the extract contains aliphatic material, and 
reinforces the observed enrichment of H and 0 in the extract. 

Further confirmation is provided by the 'H NMR spectrum of the steam extract from Run 5 shown in 
Figure 4. The ratio 01 H,,/H,,, is 1:30. 43% of the H,,, hydrogens are associated with methylene, 
methine, or methyl groups which are not directly bonded to aromatic nuclei. Another 20% 01 the Kat 
appearing as a group of signals in the 2-3 ppm region are associated with hydroaromatic structures or 

associated with methyl, methylene and methine groups directly attached to an aromatic nucleus. The 
dominant sharp signal a t  1.2 ppm is characteristic of long chain polymethylene groups. Thus, one of the 
major constituents of the hydrogen rich extract is aliphatic8 present primarily as long chain 
polymethylenes, either as free species or attached to aromatic/hydroaromatic ring systems. 

The NMR spectrum (Figure 5 )  is dominated by a number of well resolved lines riding on a spec- 
tral envelope in the 15-80 ppm region which in the normal chemical shift region for aliphatic compounds, 
supporting the presence of signitlcant quantities of aliphatic materials in the steam extract. The most 
intense signal is a t  30.2 which is generally assigned to the internal methylene carbons 
(c~-c~-c~-cn-) of straight chain alkanes corroborating the presence of long chain polymethylene 

groups (minimum average carbon chain length; nc+?-lO) which may or may not be attached to an 
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aromatic ring. 

The group of signals in the 1520 ppm region is probably due to the methylene carbons attached to 
aromatic rings. The presence of a broad spectral envelope in addition to the sharp alkane lines demon- 
strate the extract's complexity. The spectral complexity is due to the presence of small amounts of 
polymethylene type compounds. The complex band of carbon signals in the 120-130 ppm region is due 
to the aromatic and polycyclic aromatic species. Interestingly, a small, but distinctive signal occurs a t  
179 ppm which is whpre the carbonyl carbon of a -COOH group appears suggesting the presense of some 
carboxylic acids in the extract. 

Field ionization mass spectomety (FIMS) M a mass spectometry technique which uses a soft ioniza- 
tion mode and allows most molecules to be observed as unfragmented molecular ions. The method can 
provide a true molecular weight profile for any given complex mixture. Figure 6 represents the field ioni- 
zation mass spectrum of the extract. The extract has a very narrow molecular weight distribution witb 

number average (M,) and weight average (M,) molecular weight of 315 and 373, respectively. Since 
75% of the material was volatilized in the FIMS probe the observed molecular weights are a true 
representation of the extract and the extract is composed of low molecular weight compounds. The most 
prominent peaks in the spectrum appear a t  m/z 110, 124, and 138 and can be assigned to dihydroxyl 
benzene and its methyl and ethyl analogs, respectively. Suprisingly no prominent peaks due to monohy- 
droxyl benzene (phenol) or its C-1 or C-2 analogs are found. The oxygenated compounds present in tbe 
extract are best represented by the clabs of dihydroxyl benzenes and other dihydroxyl aromatics. There 
are a number of other prominent peaks in the higher molecular weight range which, in all probability, 
arise from the polymethylenes attached to an aromatic ring (identified by NMR) but the FIMS analysis 
does not allow ready identification of these compounds. 

Tbe presence of reactive components like the polymethylene species, the dihydroxyl benzenes, and tbe 
low molecular weight profile of the extract sugkests that  the coal is very reactive and not a highly con- 
densed, very large molecular weight, intractable molecule. Self condensation and crosslinking reactions 
of the dihydroxyl aromatics, alkylation of the activated aromatic rings by the polymethylene species in 
the coal , are some of the retrogressive reactions that these coals can undergo, under the severe process- 

ing conditions generally employed. 

Pretreatment witb steam, a t  lower temperatures, allows the breaking of hydrogen bonds, loosening up 
the coal matrix, and stabilizing some of the reactive components in the coal. When the temperature 

increases during the supercritical extraction step, many of these reactive molecules can be steam volatil- 
ized or steam extracted, escaping the loosened coal matrix structure before undergoing retrogressive reac- 
tions. This explanation is supported since the introduction of a low temperature pretreatment step 
before the supercritical steam extraction leads to a 32% increase in conversion. 

The presence of reactive dihydroxyl benzenes in the extract is also supporting evidence. Dihydroxyl 
aromatics have never been reported M occuring in coal liquids obtained under normal coal processing 
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conditions generally employed. They cannot survive the severe processing conditions. Small amounts of 
dihydroxyl aromatics have been obtained in Bash or fsst pyrolysis conditions. The very rapid heating 
allows the  dihydroxyl aromatics t o  escape the coal matrix before they can undergo retrogrrssive reac- 

tions. 

CONCLUSIONS 

The steam pretreatmentextraction process produces enhanced extractan yields. The extract has a 
high H/C ratio due to the presence of long chain polymethylene compounds which may or may not be 
attached to aromatic rins. The extract contains significant amounts of oxygenated compounds, some of 
which are present as dihydroxyl aromatics. A highly condensed residue (low H/C ratio) is obtained 
which can be attractive a8 a solid fuel lor combustion. 
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THE EFFECT OF REACTION CONDITIONS ON SOLVENT LOSS 
DURING COAL LIQUEFACTION 
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INTRODUCTION 

The fate of a coal-liquefaction recycle solvent during Integrated Two-Stage 
Liquefaction (ITSL) and other direct liquefaction processes is a major concern. 
If the solvent has an inadequate concentration of hydrogen donors or other solvent 
components that might enhance liquefaction, then the quality of the solvent will 
be degraded and conversion to liquid products will be adversely affected. Studies 
using the solvents phenol (l), tetrahydroquinoline (2-4), quinoline ( 5 ) ,  and 
pyridine (6) have shown that these compounds are partially incorporated by 
covalent bonds, but a relatively large amount is h drogen bonded to coal-derived 
products. In other studies using pure "C- and '*C-labeled aromatic or hydro- 
aromatic compounds as solvents (3,6-8), the amount of adduction was determined. 
Although adduction and hydrogen bonding of solvent components account for solvent 
loss, other degradative reactions also account for loss of original solvent and 
solvent quality. Ring contraction of tetralin (9), and octahydrophenan- 
threne (8,lO) under coal-liquefaction conditions reduces the hydrogen-donor con- 
centration and therefore the solvent quality. 

The use of a one-component solvent system can be misleading because reactions 
with coal may be occurring that normally would not occur if other components of a 
solvent were present. The objective of this study was to examine a multicomponent 
synthetic solvent and determine if solvent components are preferentially lost or 
degraded during short-contact-time liquefaction (SCTL) , and how solvent loss in 
SCTL compares with other liquefaction conditions that involve gradual heat-up. 

EXPERIMENTAL 

Experiments were performed in a microreactor assembly (11) consisting of a 
316 stainless steel 1/2-in. union tee with two end caps. Five grams of a 
synthetic solvent and one gram of moisture-free Western Kentucky 9/14 coal were 
added to the microreactor, which was assembled and pressurized to 1100 psig with 
Hz. The synthetic solvent consisted of 4% quinoline, 13% m-cresol, 20% tetralin, 
33% 1-methylnaphthalene, 20% phenanthrene, and 10% pyrene. Experiments were con- 
ducted with one- and two-component solvents and coal in order to identify unique 
products from each of the simple solvent systems. The two-component solvent con- 
sisted of 20% pyrene and 80% tetralin, or 20% phenanthrene and 80% tetralin. One- 
component solvents of 1-methylnaphthalene, tetralin, and m-cresol were also used. 
The microreactor assembly was attached to a wrist-action shaker that moved the 
reactor through a small arc for adequate mixing of the reactor contents. The 
shaker was positioned above a vertically moving platform that supported a 
fluidized sand bath (11). 

For SCTL experiments, the bath was heated to an initial temperature of 46OOC. 
When the experiment was initiated, the temperature set point was changed to 425OC 
and the platform (with bath) was raised, immersing the microreactor. Heat-up to 
425oC took approximately 1 min. Reaction time was 3 min at 425OC. For experi- 
ments conducted under traditional or severe conditions, the reactor was immersed 
in the sand bath, which was at room temperature, gradually heated (55 min) to 
425oC, and held at reaction temperature for 30 min or 6 hours. At the end of the 
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reaction, the platform was lowered and the microreactor was cooled with a stream 
of room-temperature air. The outside of the cooled microreactor assembly was 
cleaned (to remove sand) with compressed air. Gases were vented, and the micro- 
reactor was disassembled. 

The reacted suspension was pipetted into a 50-mL volumetric flask containing 
0.100 gm durene and 0.100 gm fluorenone, which were the internal standards used 
for quantitative capillary gas chromatography, The remaining residue and 
synthetic solvent in the microreactor were removed with tetrahydrofuran (THF) and 
added to the flask. Aliquots were then analyzed using a 50-meter highly cross- 
linked phenylmethylsilicone capillary column. Flame ionization was used to detect 
individual components of the treated synthetic solvent, although in certain 
instances a mass-selective detector was also used to assist in the identification 
of products. 

Solvent loss of each component was determined by calculating the difference 
between the original amount of the component and the recovered amount of the com- 
ponent and its reaction by-products. Solvent that was lost and unaccounted for 
represented adducted or polymerized material. A l l  percentages will be discussed 
on an absolute basis; therefore, the loss of 10% tetralin would represent 10% of 
the synthetic solvent and not 10% of the 20% tetralin present in the synthetic 
solvent. The solvent losses would be five times larger if they were based on the 
weight of the coal sample, since the so1vent:coal ratio was 5:1, i.e., loss of 3% 
of the solvent by adduction would represent a 15% addition to the weight of the 
coal. 

RESULTS AND DISCUSSION 

The effect of reaction conditions on solvent loss, and specifically on pref- 
erential loss of components of the solvent, was examined at three sets of reaction 
conditions. Experiments were conducted under SCTL conditions (rapid heat-up, 3 
min at 425OC). traditional conditions (gradual heat-up, 30 min at 425OC), and 
severe conditions (gradual heat-up, 6 hours at 425OC). The advantages in using 
this synthetic solvent are that all components of the solvent are known, its 
elemental composition is similar to a coal-derived recycle solvent, and the multi- 
component solvent simulates a recycle solvent better than a one-component solvent 
does. The use of a synthetic solvent also allows the study of individual com- 
ponents in a more realistic environment. 

The objective was to examine solvent recovery with increasing severity of 
coal-liquefaction reaction conditions, The SCTL stage of an ITSL process involves 
rapid heat-up, followed by a short residence time at reaction temperature. During 
rapid heat-up, the rate of free-radical production should increase significantly 
in a SCTL stage. An increase in free-radical concentration was hypothesized, 
since the demand for hydrogen, with increased free-radical production, would 
increase and would be less likely satisfied by hydrogen donors and gaseous 
hydrogen. With an increase in free-radical concentration, a concomitant increase 
in solvent adduction was hypothesized, since free-radical addition, aromatic sub- 
stitution, and polymerization reactions involving solvent and coal free-radicals 
xould be likely. 

In comparing results obtained under SCTL conditions (Table 1 )  with results 
obtained from experiments conducted under traditional liquefaction conditions 
(gradual heat-up to 425OC, 30 min at 425OC), solvent loss due to adduction should 
also be occurring under traditional conditions. As the severity of the lique- 
faction conditions is increased, adducted solvent should undergo cleavage (crack- 
ing, hydrogenolysis, etc. ) and re-form solvent-like products, resulting in 
improved solvent balance. While the original components may not be recovered, 
products having similar structures and chemical properties should be. For 
example, adduction of phenanthrene with a coal-derived benzylic radical may occur 
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and may ultiontely form methyl-substituted phenanthrene (Figure 1). Baaed on this 
hypothesis, severe solvent loss  uas expected uith a SCTL process compared to 
moderate solvent loss under traditional liquefaction conditions, and if the con- 
ditions were severe enough, solvent that was initially adducted, or solvent-like 
products, could be recovered. 

Results from SCTL reactions demonstrated that components of the synthetic 
solvent were not adducted, degraded, or lost. While 755-855 of the coal was con- 
verted to THF-soluble material, only 2.61 tetralin underwent dehydrogenation. No 
adduction of m-cresol or quinoline uas observed. Results wing a synthetic 
solvent demonstrate that SCTL is a favorable process because solvent balance with 
little solvent degradation can be achieved. These results were unexpected and 
suggest that an increased concentration of free radicals in a short period of time 
does not cause solvent loss or degradation uhen sufficient readily donable 
hydrogen is present. The results also imply that free radical production does not 
play an important role in solvent loss via adduction. 

It should also be understood that little, if any, of the recovered, original 
solvent components are coal-derived. Based on coal experiments performed uith 
one- and two-component solvents, negligible quantities of quinoline, m-cresol, and 
1-methylnaphthalene could be considered coal-derived, while a maximum of 0.2% 
tetralin, 0.3% naphthalene, 0.2% pyrene, and 0.1% phenanthrene were coal-derived. 

Experiments conducted using traditional coal liquefaction reaction conditions 
shoued that solvent balance could still be achieved, but degradation of the 
solvent had started to occur. Results from experiments performed in the absence 
of coal showed that little, if any, demethylation and decomposition of 1- 
methylnaphthalene had occurred. Reactions in the presence of coal showed that 
approximately 3.21 l-mthylnaphthalene had undergone demethylation and decompo- 
sition. Some of the demethylated product (2 .2%)  could be accounted for by the 
increased amounts of naphthalene. Tetralin reactions included dehydrogenation to 
naphthalene (6. l%), rearrangement to 1-methylindane ( 0 . 5 % ) ,  and decomposition to 
butylbenzene (0.1%). The total amount of tetralin and its reaction products is 
22.2%; therefore, the additional amount (based on 20% tetralin in the synthetic 
solvent) could be accounted for by demethylation of 1-methylnaphthalene. It is 
possible that more than 2.2% 1-methylnaphthalene underwent demethylation to 
naphthalene if tetralin was being lost via unidentified reactions and not via 
dehydrogenation to naphthalene. If this occurred, then greater amounts of 
recovered naphthalene could be attributed to the demethylation of 1- 
methylnaphthalene and not to the dehydrogenation of tetralin. Methylation was 
also occurring, and 0.4% dimethylnaphthalene and 0.3% dimethylphenol were pro- 
duced. Hydrogenation of the aromatic components was also occurring, producing 
1.03 methyltetralin, 1.7% dihydrophenanthrene, 0.1% tetrahydrophenanthrene, 0.8% 
dihydropyrene, and 1.3% tetrahydroquinoline. The production of methyltetralin is 
most likely occurring via the hydrogenation of 1-methylnaphthalene, since no 
methylation of tetralin was observed when blank experiments using tetralin as a 
solvent were conducted. The major degradation reactions occurring were rearrange- 
ment of tetralin to 0.5% 1-methylindane (Equation 1 )  and cracking to butylbenzene 
(0.1%). 

H HU H 
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While some of the quinoline was undergoing hydrogenation to tetrahydroquinoline 
(1.3%), 0.3% could not be accounted for. Solvent balance under traditional lique- 
faction conditions was quite good. While methylation, demethylation, rearrange- 
ment, and cracking reactions have become apparent, 98.6% of the solvent can still 
be accounted for (less possible coal-derived products) and had not been lost 
because of adduction with coal-derived products. 

Treatment of coal and solvent at more severe conditions resulted in greater 
rearrangement and degradation of the individual solvent components, although the 
solvent balance was approximately 97.5%. As much as 16.5% of 1-methylnaphthalene 
had undergone reaction. At least 12% 1-methylnaphthalene could be accounted for 
because of demethylation, methylation, and hydrogenation. Extensive dehydro- 
genation of tetralin was expected, and only 6.3% tetralin was recovered. 
Rearrangement reactions were significant and again were a major reason for the 
decrease in solvent quality. Approximately 2.1% tetralin had rearranged to 1- 

Methylation and demethylation of m-cresol was greater than observed under 
traditional liquefaction conditions, and approximately 11.1% was recovered. While 
quinoline represented the component that was present in the smallest amount, it 
was preferentially lost, and only 1.8% of quinoline and tetrahydroquinoline could 
be accounted for.  While most of the solvent could be accounted for (approximately 
97.511, only 61.1% was recovered as original solvent and represented a solvent of 
much poorer quality. 

Experiments conducted under these severe reaction conditions have shown that 
the synthetic solvent has undergone many reactions. Degradation reactions were 
evident; and greater, not lesser, quantities of solvent were lost. Even under 
these severe conditions, the overall solvent balance was better than expected. 

4 

methylindane. Some loss of most components of the solvent had occurred. I 
3 

SUMMARY 

The effect of reaction conditions on solvent loss was determined. Solvent 
recovery and solvent balance were better than expected for SCTL and traditional 
liquefaction conditions. Surprisingly, very little adduction of solvent com- 
ponents was observed. Increased severity of reaction conditions caused an 

(approximately 2.5%). From these results, the extent of solvent adduction under 
most liquefaction conditions is minimal, and the solvent quality is most affected 
because of increased degradation with increasing severity. 

increase in degradation of the synthetic solvent and an increase in adduction 'd' 
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